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Key: Exons are alternating Italics BLUE and regular BLACK text.

Mi = start codon

Underlined nucleotides are sense sequences used to generate shRNAs

Red labeled shRNAs reduce Htt gene expression in HEK293 cells

Fellow highlight] is CAG repeat region (only 2 human repeats in this sequence)

ClustalW (vl1.4)

1. hHunt normal 19Qs cDNA vs. Mouse huntingtin full-length

hHunt normal 19 GCTGCCGGGACGGGTCCAAGATGGAC
hHunt normal 19 GGCCGCTCAGGTTC TGCTTTTACCTGCGGCCCAGCGCCGCGAGTCGGCCC
Mouse huntingti CCCATTCATTGCCTTGCTGCTAAGTGGCGCCGCGTAGTGCCAGTAGGCTC
M
hHunt normal 19 GAGGCCTCCGGGGACTGCCGTGCCGGGCGGGAGACCGCCATGGCGACCCT
Mouse huntingti CAAGTCTTCAGGGTCTGTCCCATCGGGCAGGAAGCCGTCATGGCAACCCT (1 pyy ) o
N F F B EE L .
shHD1.1
shHD1.2
hHunt normal 19 GGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAGTCCTTCCAGCAGCAAC
Mouse huntingti GGAAAAGCTGATGAAGGCTTTCGAGTCGCTCAAGTCGTTTCAGCAGCAAC
AAXRRFFRRFFRRFFFAR FARFARA AR ARk Ak bk Kk ARk XA R KT XK
shHD1 .4 shHD1.5
hHunt normal 19 AGCCGCCACCGCCGCCGCCGCCGCCGCCGCCTCCTCAGCTTCCTCAGCCGE
Mouse huntingti AGCAGCAGCAGCCACCGCCGCAGCCGCCGCCACC---GCCGCCGCCGCCT
EECECIE R B AAkAAAAA AAAAAAAAA AR * & Ak X AAA
shHD1.6
hHunt normal 19 CCGCCGCAGGCACAGCCGCTGCTGCCTCAGCCGCAGCCGCCCCCGCCGCC
Mouse huntingti CCGCCTCAACCCCCTCAGCCGCCGCCTCAGGGGCAGCCGCC---GCCGCC
LR T EIE] EEEENEESEEES S S S 1 LR R B 8 8 8 LR R 5
shHD1.7
hHunt normal 19 GCCCCCGCCGCCACCCGGCCCGGCTGTGGCTGAGGAGCCGCTGCACCGAC
Mouse huntingti ACCACCGCCGCTGCCAGGTCCGGC—————— AGAGGAACCGCTGCACCGAC
* A A A A XA XA AA A AAAAA AAAXE HAAAAAAAAAAAX
hHD1.8
s : shHD1.9
hHunt normal 19 CAAAGAAAGAACTTTCAGCTACCAAGAAAGACCGTGTGAATCATTGTCTG
Mouse huntingti _CAAAGAAGGAACTCTCAGCCACCAAGAAAGACCGTGTGAATCATTGTCTA
*KEKRERE KExkEkd *hhkdk khkhkhkdhkbhkbhrhhrkhhhhhhhhhhhhhkhrk
ShHD2.1
ShHD2.2 ShHD2.3
ShHD2.4
Exon 3
hHunt normal 19 ACAATATGTGAAAACATAGTGGCACAGTCTGTCAGAAATTCTCCAGAATT
Mouse huntingti ACAATATGTGAAAACATTGTGGCACAGTCTCTCAGAAATTCTCCAGAATT
KEkKXEXhkkhkhkkhdhdhkdd HFFEFFFTETFETFEF FTEFETXIITAAAAAAAAA A A A A
ShHD2.5 shHD2.6
hHunt normal 19 TCAGAAACTTCTGGGCATCGCTATGGAACTTTTTCTGCTGTGCAGTGATG
Mouse huntingti TCAGAAACTCTTGGGCATCGCTATGGAACTGTTTCTGCTGTGCAGTGACG
FAAAA A A XA AAAAAAAAAAAAAAAAAAA A ddddddAAAAAAAE *
shHD3.1
hHunt normal 19 362 ACGCAGAGTCAGATGTCAGGATGGTGGCTGACGAATGCCTCAACAAAGTT
Mouse huntingti ATGCGGAGTCAGATGTCAGAATGGTGGCTGATGAGTGCCTCAACAAAGTC
*Okok kA kA Ak Ak A Ak Ak kA A kA kA A A A Kk KA AAAAA A A A A A* K
Exon 4 ShHD3.2
hHunt normal 19 ATCAAAGCTTTGATGGATTCTAATCTTCCAAGGTTACAGCTCGAGCTCTA
Mouse huntingti ATCAAAGCTTTGATGGATTCTAATCTTCCAAGGCTACAGTTAGAACTCTA
PR AR A SRS E L SR EREE R SR EREEEEEE R E R ENEE S E R E I SRR
shHD4.1 Iixon 3
hHunt normal 19 TAAGGAAATTAARAAGAATGGTGCCCCTCGGAGTTTGCGTGCTGCCCTGT
Mouse huntingti TAAGGAAATTAAAARAGAATGGTGCTCCTCGAAGTTTGCGTGCTGCCCTGT

AR AR RS SRR R AR EEEEEE SN EEEENEEEEEEEEE RS EEEEE SR

FIG. 35A
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hHunt normal 19 GGAGGTTTGCTGAGCTGGCTCACCTGGTTCGGCCTCAGAAATGCAGGCCT
Mouse huntingti GGAGGTTTGCTGAGCTGGCTCACCTGGTTCGACCTCAGAAGTGCAGGCCT
AAAAAXA AR A A A A A A A A A A A A AR A A A AR A A A A hhd AXA A ATF XN

Exon 6
hHunt normal 19 TACCTGGTGAACCTTCTGCCGTGCCTGACTCGAACAAGCAAGAGACCCGA
Mouse huntingti TACCTGGTGAATCTTCTTCCATGCCTGACCCGAACAAGCAAAAGACCGGA

HEXTXTXTXEETX FXAFTXT % AXTETHAT AT XXX %%Tdx% %%k%%%x %%

hHunt normal 19 AGAATCAGTCCAGGAGACCTTGGCTGCAGCTGTTCCCAAAATTATGGCTT
Mouse huntingti GGAATCAGTTCAGGAGACCTTGGCTGCAGCTGTTCCTAAAATTATGGCTT
ok ek ok % %% ko vk b e bk kb ke kR e Rk ek ek o %k % o %k %k ok %k ko e e ke

Exon7
hHunt normal 19 CTTTTGGCAATTTTGCAAATGACAATGAAATTAAGGTTTTGTTAAAGGCC
Mouse huntingti CTTTTGGCAATTTCGCAAATGACAATGAAATTAAGGTTCTGTTGAAAGCT

LR EE R R R EE R EEEEEEEEEEEEEERE R S S

hHunt normal 19 TTCATAGCGAACCTGAAGTCAAGCTCCCCCACCATTCGGCGGACAGCGGC
Mouse huntingti TTCATAGCAAATCTGAAGTCAAGCTCTCCCACCGTGCGGCGGACAGCAGT
AAKAAAAA Ah AAAAAA A A A AR A AL AR AAAA A AR AAAAAAA AR KA
hHunt normal 19 TGGATCAGCAGTGAGCATCTGCCAGCACTCAAGAAGGACACAATATTTCT
Mouse huntingti CGGCTCAGCCGTGAGCATCTGCCAACATTCTAGGAGGACACAGTACTTCT
dAk kkokok ok hkk bk kkkhkokokodk Aok kA kA Kok Ak AKA A bk koA kA
Exon 8

hHunt normal 19 ATAGTTGGCTACTAAATGTGCTCTTAGGCTTACTCGTTCCTGTCGAGGAT
Mouse huntingti ACAACTGGCTCCTTAATGTCCTCCTAGGTCTGCTGGTTCCCATGGAAGAA

* % *koAkd Kk kkdkd Kkdk kA X * kk *ExEkEk * k*x k%
hHunt normal 19 GAACACTCCACTCTGCTGATTCTTGGCGTGCTGCTCACCCTGAGGTATTT
Mouse huntingti GAGCACTCCACTCTCCTGATCCTCGGTGTGTTCGCTCACATTGAGGTGTCT
dk kkxkkkxkdkkkkk kkkkk kk kk kkk kkxkkxk dkxkkk k%
hHunt normal 19 GGTGCCCTTGCTGCAGCAGCAGGTCAAGGACACAAGCCTGAAAGGCAGCT
Mouse huntingti AGTGCCCTTGCTCCAGCAGCAGGTCAAGGACACAAGTCTARAAGGCAGCT
FEIXKIETXLETLEE FAXAXATAXXTETXTETAXRAXNKTXEXEERTA*, % *kdddhdhdxx

shHD8.1
hHunt normal 19 TCGGAGTGACAAGGAAAGAAATGGAAGTCTCTCCTTCTGCAGAGCAGCTT
Mouse huntingti TTGGGGTGACACGGARAGAAATGGAAGTCTCTCCTTCTACAGAGCAGCTT
F KK KFEEFE KEFTATFTXTFTETXXTFXETXEEXTFTHET X X% *xT XX FXKX
Ixon 9
hHunt normal 19 GTCCAGGTTTATGAACTGACGTTACATCATACACAGCACCAAGACCACAA
Mouse huntingti GTCCAGGTTTATGAACTGACTTTGCATCATACTCAGCACCAAGACCACAA
Fhkxkkk AAhhhkhhAbdhAdrhdt khk Ahkobhkdtd hhkddbhdbkhhdddhddttd
shHDS.2
hHunt normal 19 TGTTGTGACCGGAGCCCTGGAGCTGTTGCAGCAGCTCTTCAGAACGCCTC
Mouse huntingti TGTGGTGACAGGGGCACTGGAGCTCCTGCAGCAGCTCTTCCGTACCCCTC
FAAk AAAAE A AFk A A AAAA LK AAE XA A A AAEAA * F Ak KA AA
hHunt normal 19 CACCCGAGCTTCTGCAAACCCTGACCGCAGTCGGGGGCATTGGGCAGCTC
Mouse huntingti CACCTGAACTCCTGCAAGCACTGACCACACCAGGAGGGCTTGGGCAGCTC
AAhhkk K&k KA KAAA A h AAAA AR AR LA X 4 KhAX XA XA ARA
hHunt normal 19 ACCGCTGCTAAGGAGGAGTC TGGTGGCCGAAGCCCTAGTGGGAGTATTGT
Mouse huntingti ACTCTGGTTCAAGAAGAGGCCCGGGGCCGAGGCCCGCAGCGGGAGCATCGT
* A4 * kA ok Ak khkk K * ok kkokhkk Ak okk Ak khkAAkA Ak Kk
Exon 10
hHunt normal 19 GGAACTTATAGCTGGAGGGGGTTCCTCATGCAGCCCTGTCCTTTCAAGAA
Mouse huntingti GGAGCTTTTAGCTGGAGGGGGTTCCTCGTGCAGCCCTGTCCTCTCAAGAA
dhk AAkF AAATTEXTXATXXIFTXTAXEE FXXXTXEAT XXX TFE T xxxdaxx
Fxon 11

hHunt normal 19 AACAAAAAGGCAAAGTGCTCTTAGGAGAAGAAGAAGCCTTGGAGGATGAC
Mouse huntingti AGCAGAAAGGCAAAGTGCTCTTAGGAGAGGAAGAAGCCTTGGAAGATGAC
KOEKE KRR FTAAAA AL A A A A A A AR A A A A A AAA A A A A A AR A d hA A A A A

FExon 12
hHunt normal 19 TCTGAATCGAGATCGGATGTCAGCAGCTCTGCCTTAACAGCCTCAGTGAA
Mouse huntingti TCGGAGTCCAGATCAGATGTCAGCAGCTCAGCCTTTGCAGCCTCTGTGAA
kA kok kok Aokkokohk bk kkohhkAkkkkA Ak oAk kKk Ak kxkk xkkx%k
hHunt normal 19 CGATGAGATCAGTGGAGAGCTGGCTGCTTCTTCAGGGCTTTCCACTCCAG
Mouse huntingti CAGTGAGATTGGTGGAGAGCTCGCTGCTTCTTCAGGTGTTTCCACTCCTG
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hHunt normal 19 GGTCAGCAGGTCATGACATCATCACAGAACAGCCACGGTCACAGCACACA
Mouse huntingti GTTCTGTTGGTCACGACATCATCACTGAGCAGCCTAGATCCCAGCACACA
* ORE ¥ FHFFE FHFAFFXFAFTXASY *x% v vdw FOXEF OFFEIRFAAIKAN

hHunt normal 19 CTGCAGGCGGACTCAGTGGATCTGGCCAGCTGTGACTTGACAAGCTCTGC
Mouse huntingti CTTCAAGCAGACTCTGTGGATTTCTCCGGCTGTGACCTGACCAGTGCTGC
THE OFF OFF O KFFEF O FAFFXFY XY OFE O AAAFTAAEY OFAAY v *xKhw

hHunt normal 19 CACTGATGGGGATGAGGAGGATATCTTGAGCCACAGCTCCAGCCAGGTCA
Mouse huntingti TACTGATGGGGATGAGGAGGACATCTTGAGCCACAGCTCCAGCCAGTTCA
KHEKEKRKRNKRKRKRNKRKRKNXRKRKRKR*)r Khhrkvkrkrkhkrvkrrrhrhrwkhkrvrki*xkx **%

hHunt normal 19 GCGCCGTCCCATCTGACCCTGCCATGGACCTGAATGATGGGACCCAGGCC
Mouse huntingti GTGCTGTCCCATCCGACCCTGCCATGGACCTGAATGATGGGACCCAGGCC
T OAET O AFFAFTATET A A v A rr A A A v A v v A A v A v v v v v A v v v v v e w

shHD12.1
hHunt normal 19 TCGTCGCCCATCAGCGACAGCTCCCAGACCACCACCGAAGGGCCTGATTC
Mouse huntingti TCCTCACCCATCAGT GACAGTTCTCAGACCACCACTGAAGGACCTGATTC
*E O FE O XFEAXFEEELE A FAY AKX O AFAAAAAANLEY O AAAAEY AN A A AL
Exon 13

hHunt normal 19 AGCTGTTACCCCTTCAGACAGTTCTGAAATTGTGTTAGACGGTACCGACA
Mouse huntingti AGCTGTGACTCCTTCGGACAGTTCTGAAATTGTGTTAGATGGTGCCGATA
*EXKEE FE AFX*E AFFAAXAAA I A A AL L b AAAF A AKX kkk kAKX K

hHunt normal 19 ACCAGTATTTGGGCCTGCAGATTGGACAGCCCCAGGATGAAGATGAGGA-
Mouse huntingti GCCAGTATTTAGGCATGCAGATAGGACAGCCACAGGAGGACGATGAGGAG

Fhkkk ok kokk kokok bk kokokkok Fokkkkkkok Hkskkk kk  oF Kok ok Kk kkk

hHunt normal 19 —-AGCCACAGGTATTCTTCCTGATGAAGCCTCGGAGGCCTTCAGGAACTC
Mouse huntingti GGAGCTGCAGGTGTTCTTTCTGGTGAAGTCTCAGATGTTTTCAGAAACTC
% & Kk FhK KK Nk Nk kkok KAHXN KkN Nk ¥ EE R R R RS
Exon 14

hHunt normal 19 TTCCATGGCCCTTCAACAGGCACATTTATTGAAAAACATGAGTCACTGCA
Mouse huntingti TTCTCTGGCCCTTCAACAGGCACACTTGTTGGAAAGAATGGGCCATAGCA
* Kk Kk EEATFTAFTTAFFT AT XA AXY F% *ddy *wvd *xHHE O kK *HW

hHunt normal 19 GGCAGCCTTCTGACAGCAGTGTTGATAAATTTGTGTTGAGAGATGAAGCT
Mouse huntingti GGCAGCCTTCCGACAGCAGTATAGATAAGTATGTAACAAGAGATGAGGTT
FHEXIXAAFTAANY FHAXFHFFAFF* & FHrFddr & Fhw FHEFXFHF¥Y ¥ 0w

Lxon 15

hHunt normal 19 ACTGAACCGGGTGATCAAGAAAACAAGCCTTGCCGCATCAAAGGTGACAT
Mouse huntingti GCTGAAGCCAGTGATCCAGAAAGCAAGCCTTGCCGAATCAAAGGTGACAT
*xkk*% X FHEXIEFX FEXFATE Ax X dddAdddAAd AAdAAAAA A A A A A

hHunt normal 19 TGGACAGTCCACTGATGATGACTCTGCACCTCTTGTCCATTGTGTCCGCC
Mouse huntingti AGGACAGCCTAATGATGATGATTCTGCTCCTCTGGTACATTGTGTCCGTC

FAAK KA K ok AR EAAAA A A AR A AA Ak KA Ak AAAAAAA AR XA K

hHunt normal 19 TTTTATCTGCTTCGTTTTTGCTAACAGGGGGAAAAAATGTGCTGGTTCCG
Mouse huntingti TTTTATCTGCTTCCTTTTTGTTAACTGGTGAAAAGAAAGCACTGGTTCCA

HAEEERF R R KK KA kkk Xk Aokkk Fk Kk FkkE Fk Kk KEkkKkEEKF

Exon 16
hHunt normal 19 GACAGGGATGTGAGGGTCAGCGTGAAGGCCCTGGCCCTCAGCTGTGTGGG
Mouse huntingti GACAGAGACGTGAGAGTCAGTGTGAAGGCCCTGGCCCTCAGCTGCATTGG
KEEEE KK KrFEFE KKFEEF FXEFRXFXFFIRRERKFFAFIANFT ¥
hHunt normal 19 AGCAGCTGTGGCCCTCCACCCGGAATCTTTCTTCAGCAAACTCTATAAAG
Mouse huntingti TGCGGCTGTGGCCCTTCATCCAGAGTCGTTCTTCAGCAGACTGTACAAAG
FH OREKFEEXFFEE FF KF KE KF KEFRAEFAFE KFK KK AWK ¥
Lxon 17
hHunt normal 19 TTCCTCTTGACACCACGGAATACCCTGAGGAACAGTATGTCTCAGACATC
Mouse huntingti TACCTCTTAATACCACGGAAAGTACTGAGGAACAGTATGTTTCTGACATC
*OREEFKE K AREFRAEEN FHRR AR KA AR AR AR RN kR KA KKK
shHD17.1
hHunt normal 19 TTGAACTACATCGATCATGGAGACCCACAGGTTCGAGGAGCCACTGCCAT
Mouse huntingti TTGAACTACATCGATCATGGAGACCCACAGGTCCGAGGAGCTACTGCCAT
TR AR AR AN RAA RN ANARR AR RN AR AR A AN R AA RN AN KA AR RN AN
shHD17.2

hHunt normal 19 TCTCTGTGGGACCCTCATCTGCTCCATCCTCAGCAGGTCCCGCTTCCACG
Mouse huntingti TCTCTGTGGGACCCTTGTCTACTCCATCCTCAGTAGGTCCCGTCTCCGTG
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Exon 18
hHunt normal 19 TGGGAGATTGGATGGGCACCATTAGAACCCTCACAGGAAATACATTTTCT
Mouse huntingti TTGGTGAGTGGCTGGGCAACATCAGAACCCTGACAGGAARTACATTTTCT

k okk kk kkk kkkkkk Fkk KAk kAkkA kA AAAAAAAAAAAAR
hHunt normal 19 TTGGCGGATTGCATTCCTTTGCTGCGGAAAACACTGAAGGATGAGTCTTC
Mouse huntingti CTGGTGGACTGCATTCCTTTACTGCAGAAAAC GTTGAAGGATGAATCTTC

EEE KEEEX FAEEXEIFAA5 %K% *hk**% *hkkkkk FEEEE LA LA XXX XXXk

FExon 19
hHunt normal 19 TGTTACTTGCAAGTTAGCTTGTACAGCTGTGAGGAACTGTGTCATGAGTC
Mouse huntingti TGTTACTTGCAAGTTGGCTTGTACAGCTGTGAGGCACTGTGTCCTGAGTC

EEEEXEXFFFFFFFFFF AXXAAAAAA A AT AT AT TAF AR RRNR XX RRR
hHunt normal 19 TCTGCAGCAGCAGCTACAGTGAGTTAGGACTGCAGCTGATCATCGATGTG
Mouse huntingti TTTGCAGCAGCAGCTACAGTGACTTGGGATTACAACTGCTTATTGATATG

ko kbbb bbbk bbbk ok ok b sk sk 3k sk bk kN

hHunt normal 19 CTGACTCTGAGGAACAGTTCCTATTGGCTGGTGAGGACAGAGCTTCTGGA
Mouse huntingti CTGCCTCTGAAGAACAGCTCCTACTGGCTGGTGAGGACCGAACTGCTGGA
skook ook sk ok b ok ok ok sk ok dbob sk sk sk s sk o bk sk sk sk sk sk b sk e sk o vk ok sk ok v ok ook b
Exon 20
hHunt normal 19 AACCCTTGCAGAGATTGACTTCAGGCTGGTGAGCTTTTTGGAGGCAARAG
Mouse huntingti CACTCTGGCAGAGATTGACTTCAGGCTCGTGAGTTTTTTGGAGGCAAARG
ok sk kbbb kA EETIT KA TIF AAA A XA A I I I IR
Fxon 21

hHunt normal 19 CAGAAAACTTACACAGAGGGGCTCATCATTATACAGGGCTTTTAAAACTG
Mouse huntingti CAGAARAGTTTACACCGAGGGGCTCATCATTATACAGGG TTTCTAAAACTA

KKK KKK FHHHEFFF FHAAAAAAAAAAAAAAAAAAFAAFT %% XN nn®
hHunt normal 19 CAAGAACGAGTGCTCAATAATGTTGTCATCCATTTGC TTGGAGATGAAGA
Mouse huntingti CAAGAACGAGTACTCAATAATGTGGTCATTTATTTGCTTGGAGATGAAGA
koo ok ok ok ok ok ok ok ok ok ok b ok b ok ok ok ok ok b ok ok b ok e b LR R R RS E SR EE RS RS E S

Exon 22
hHunt normal 19 CCCCAGGGTGCGACATGTTGCCGCAGCATCACTAATTAGGCTTGTCCCAA
Mouse huntingti CCCCAGGGTTCGACATGTTGCTGCAACATCATTAACAAGGCTTGTCCCAA
A A A AR AR A Ak kAR A AKX AA Kk k KAk KAA HAK FAFFFFFFFTFTFTIR
hHunt normal 19 AGCTGTTTTATAAATGTGACCAAGGACAAGCTGATCCAGTAGTGGCCGTG
Mouse huntingti AGCTGTTTTACAAGTGTGACCAAGGACAAGCTGATCCAGTTGTGGCTGTA

HHHEHFFFFFFF FH AHAFAAAAAAAAAAAAAAAAFAAAFAAART FFAArd FF

shHD22.1
hHunt normal 19 GCAAGAGATCAARAGCAGTGTTTACCTGAAACTTCTCATGCATGAGACGCA
Mouse huntingti GCGAGGGATCAGAGCAGTGTCTACCTGAAGCTCCTCATGCATGAGACCCA
FH KK FWHFFF FRHFFFHFKx FHxFFhhhd Hh FFrFFFFFrFrFrdrdrdrddr *i
Fxon 23
hHunt normal 19 GCCTCCATCTCATTTCTCCGTCAGCACAATAACCAGAATATATAGAGGCT
Mouse huntingti GCCACCATCACACTTTTCTGTCAGCACCATCACCAGAATCTATAGAGGCT
FHKE FHFFF FH HH HH AXTXTTITTT X AT AFTAARAN AAAAAAAANN
hHunt normal 19 ATAACCTACTACCAAGCATAACAGACGTCACTATGGAAAATAACCTTTCA
Mouse huntingti ATAGCTTACTGCCAAGTATAACAGATGTCACCATGGAAAACAATCTCTCA
AAX & AAAA AAAAA KA AAAAAAE AAAAEAE AAAXAAAA XA XA XXX
hHunt normal 19 AGAGTTATTGCAGCAGTTTCTCATGAACTAATCACATCAACCACCAGAGC
Mouse huntingti AGAGTTGTTGCCGCAGTTTCTCATGAACTCATTACGTCAACAACACGGGC
AAhkAAAE AAhAA AAAAAAAAAAAAAAAEE AA AE KA AAE Ak * kA&
Exon 24
hHunt normal 19 ACTCACATTTGGATGCTGTGAAGCTTTGTGTCTTCTTTCCACTGCCTTCC
Mouse huntingti ACTCACATTTGGATGCTGTGAAGCCTTGTGTCTTCTCTCAGCAGCCTTTC
AAAAAAAFTFFFAFTAAAAAANANANANANANN AAAANAAAAAAN *F LR R o
Exon 25

hHunt normal 19 CAGTTTGCATTTGGAGTTTAGGTTGGCACTGTGCAGTGCCTCCACTGAGT
Mouse huntingti CAGTTTGCACTTGGAGTTTAGGATGGCACTGTGGAGTGCCCCCACTGAGT
KAKEKEIIEX KA FIThrdrhdhdr Fhhrdrhhddhhdbdhdd dkdkddddrk
hHunt normal 19 GCCTCAGATGAGTCTAGGAAGAGCTGTACCGTTGGGATGGCCACAATGAT
Mouse huntingti GCCTCTGATGAGTCCAGGAAGAGCTGCACTGTTGGGATGGCCTCCATGAT
A AA A oAb dAtd A XAXAAAAAAE Kk AAA XA XXX XA XA X XA XXX
hHunt normal 19 TCTGACCCTGCTCTCGTCAGCTTGGTTCCCATTGGATCTCTCAGCCCATC
Mouse huntingti TCTCACCTTGCTTTCATCAGCTTGGTTCCCACTGGATCTCTCAGCCCATC
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Exon 2
hHunt normal 19 AAGATGCTTTGATTTTGGCCGGAAACTTGCTTGCAGCCAGTGCTCCCAAA
Mouse huntingti AGGATGCCTTGATTTTGCGC TGGAAAC TTGCTAGCAGCGAGTGCCCCCAAG

EAEE R LR EEEEEEEE A EEEEEEEEEE I EEEEIEEEE S RS
hHunt normal 19 TCTCTGAGAAGTTCATGGGCCTCTGAAGAAGAAGCCAACCCAGCAGCCAC
Mouse huntingti TCTCTGAGAAGTTCATGGACCTCTGAAGAAGAAGCCAACTCAGCAGCCAC

it E S E SRS SRR RS SR IEEEEEEEEEEEEEEEEEEEE LSS EEEEEESS
hHunt normal 19 CAAGCAAGAGGAGGTCTGGCCAGCCCTGGGGGACCGGGCCCTGGTGCCCA
Mouse huntingti CAGACAGGAGGAAATCTGGCCTGCTCTGGGGGATCGGACTCTAGTGCCCT

* % ** Frxkkk FrrkExx* Fk FrAFHAEAEE O FHE K OAF O AFAAARA
hHunt normal 19 TGGTGGAGCAGCTCTTCTCTCACCTGCTGAAGGTGATTAACATTTGTGCC
Mouse huntingti TGGTGGAGCAGCTTTTCTCCCACCTGCTGAAGGTGATCAATATCTGTGCT

R R E R R R R R EE RIS R E IR EEEEEEEEEEEEEEE L S LS

Exon 27
hHunt normal 19 CACGTCCTGGATGACGTGGCTCCTGGACCCGCAATARAGGCAGCCTTGCC
Mouse huntingti CATGTCTTGGACGATGTGACTCC TGGACCAGCAATCAAGGCAGCCTTGCC

FTHE O OKEE O FEEFT AFT A E AAFTAAAAATEY AWK AFT AW AN AN R K NAK
hHunt normal 19 TTCTCTAACAAACCCCCCTTCTCTAAGTCCCATCCGACGAAAGGGGAAGE
Mouse huntingti TTCTCTAACAAACCCCCCTTCTCTAAGTCCTATTCGACGGAAAGGGAAGE

EEEEE R EEEEE R EEEEEEESEEREEEEESEE R EIEE S EEE XTI E R EEEE]
hHunt normal 19 AGAAAGAACCAGGAGAACAAGCATCTGTACCGTTGAGTCCCAAGAAAGGC
Mouse huntingti AGAAAGAACCTGGAGAACAAGCTTCTACTCCAATGAGTCCCAAGAAAGTT

EEEEE R EEEE SRR EEEEEEEEE I S %* % EEEEEEEEEEEEEE X

Exon 28
hHunt normal 19 AGTGAGGCCAGTGCAGCTTCTAGACAATCTGATACCTCAGGTCCTGTTAC
Mouse huntingti GGTGAGGCCAGTGCAGCCTCTCGACAATCAGACACCTCAGGACCTGTCAC
EEEFEEEEEEEEEEESTIEE SIS EEEE IS I EEEEEEE RS L S L
hHunt normal 19 AACAAGTAAATCCTCATCACTGGGGAGTTTCTATCATCTTCCTTCATACC
Mouse huntingti AGCAAGTAAATCATCCTCACTGGGGAGTTTCTACCATCTCCCCTCCTACC

* o khkhhkkhkhkhhkhk hk AhhhA A AI A A AI LA AL, hhkEEE kd dh Ak Ek

hHunt normal 19 TCAAACTGCATGATGTCCTGAAAGCTACACACGCTAACTACAAGGTCACG
Mouse huntingti TCAAACTGCATGATGTCCTGAAAGCCACTCACGCCAACTATAAGGTCACC

R E R R EEEEEEEEEEEEEEEEE E R E A A R

shHD28.1 xon 29
hHunt normal 19 CTGGATCTTCAGAACAGCACGGAAAAGTTTGGAGGGTTTCTCCGCTCAGC
Mouse huntingti TTAGATCTTCAGAACAGCACTGAAAAGTTTGGGGGGTTCCTGCGCTCTGC
EAEE R R R R R EEE EEEEE SRR R R R R EE IR EE R IR R R
hHunt normal 19 CTTGGATGTTCTTTCTCAGATACTAGAGCTGGCCACACTGCAGGACATTG
Mouse huntingti CTTGGACGTCCTTTCTCAGATTC TAGAGCTGGCGACACTGCAGGACATTG
EEEEEE I E RS EEEEE ST EE RS EREEEEIEEEEEEEEREEESESEESE]
Exon 30
hHunt normal 19 GGAAGTGTGTTGAAGAGATCCTAGGATACCTGAAATCCTGCTTTAGTCGA
Mouse huntingti GAAAGTGTGTTGAAGAGGTCCTTGGATACCTGAAATCCTGCTTTAGTCGA
EAEE R R LR R R R R R R RS R R R EEEEEEE LSS
shHD30.1 Exon 31

hHunt normal 19 GAACCAATGATGGCAACTGTTTGTGTTCAACAA TTGTTGAAGACTCTCTT
Mouse huntingti GAACCAATGATGGCAACTGTCTGTGTGCAGCAGCTATTGAAGACTCTCTT
R AR R R R R EEEEEEEEEEEEIEEEEE IS I EER I EEEEE L XXX
hHunt normal 19 TGGCACAAACTTGGCCTCCCAGTTTGATGGCTTATCTTCCAACCCCAGCA
Mouse huntingti TGGGACAAACTTAGCCTCACAGTTTGATGGCTTATCTTCCAACCCCAGCA
EEE R R R EEEEE S EEEE I EEEEEEEEREEEESEEEEEEEEEEERSESEESE]
hHunt normal 19 AGTCACAAGGCCGAGCACAGCGCCTTGGCTCCTCCAGTGTGAGGCCAGGE
Mouse huntingti AGTCTCAGTGCCGAGCTCAGCGCCTTGGCTCTTCAAGTGTGAGGCCCGGC
EE R AR HFEX AN AN A AR A N AN KR Nk Nk H N KA A NN KK
hHunt normal 19 TTGTACCACTACTGCTTCATGGCCCCGTACACCCACTTCACCCAGGCCCT
Mouse huntingti TTATATCACTACTGCTTCATGGCACCATACACGCACTTCACACAGGCCTT

KR kK FRN AN A KN AN AAK KN ok KA AAA KA AAAAFF KA AAAR X

hHunt normal 19 CGCTGACGCCAGCCTGAGGAACATGGTGCAGGCGGAGCAGGAGAACGACA

FIG. 35E



U.S. Patent Feb. 16, 2016 Sheet 58 of 64 US 9,260,716 B2

Mouse huntingti GGCTGACGCAAGCCTGAGGAACATGGTGCAGGCGGAGCAGGAGCGTGATG
IR EE S E LTI EE LR SRR EEEEEEEEEEEEEEEE SRS EEEEE] * %
Exon 32
hHunt normal 19 CCTCGGGATGGTTTGATGTCCTCCAGAAAGTGTCTACCCAGTTGAAGACA
Mouse huntingti CCTCGGGGTGGTTTGATGTACTCCAGAAAGTGTCTGCCCAATTGAAGACG
AA NI KAKKFREKERT KR AR AR R FRAKREF Ak r* KARR R FAF
hHunt normal 19 AACCTCACGAGTGTCACAAAGAACCGTGCAGATAAGAATGCTATTCATAA
Mouse huntingti AACCTAACAAGCGTCACAAAGAACCGTGCAGATAAGAATGCTATTCATAA
Khkkk kh hh KREIRAREK IR AR ARKEFRERRER AR A A A A A A KA A
hHunt normal 19 TCACATTCGTTTGTTTGAACCTCTTGTTATAAAAGCTTTAAAACAGTACA
Mouse huntingti TCACATTAGGTTATTTGAGCCTCTTGTTATAAAAGCATTGAAGCAGTACA
Fokkkodkok ok kot kkkobk KokokkokkokkkA Ak A KA NA kX d Kk ok ok Kok
hHunt normal 19 CGACTACAACATGTGTGCAGTTACAGAAGCAGGTTTTAGATTTGCTGGCG
Mouse huntingti CCACGACAACATCTGTACAATTGCAGAAGCAGGTTTTGGATTTGCTGGCA

* kA kok koo Aok Aok Ak Aok kA oAk kk oAkt Ak k koAt kA A

hHunt normal 19 CAGCTGGTTCAGTTACGGGTTAATTACTGTCTTCTGGATTCAGATCAGGT
Mouse huntingti CAGCTGGTTCAGCTACGGGTCAATTACTGTCTACTGGATTCAGACCAGGT
gk kA AR AR AR A A kA Ak Ak A A AR AR AF kAR AR AR A A A A AR
Exon 34
hHunt normal 19 GTTTATTGGCTTTGTATTGAAACAGTTTGAATACATTGAAGTGGGCCAGT
Mouse huntingti GTTCATCGGGTTTGTGCTGAAGCAGTTTGAGTACATTGAAGTGGGCCAGT
Fohk Kk Kk Rk KhK HHKK KHEKIIKKE KR KAIRKITARRRANKTERKNT
Fxon 35 shHD34.1
hHunt normal 19 TCAGGGAATCAGAGGCAATCATTCCAAACATCTTTTTCTTCTTGGTATTA
Mouse huntingti TCAGGGAATCAGAGGCAATTATTCCAAATATATTTTTCTTCCTGGTATTA
FTRERARAFA A AR AN AR AA HAX AR AR Kk AR AhR AR r AR AR ANRN
shHD34.2
hHunt normal 19 CTATCTTATGAACGCTATCATTCAAAACAGATCATTGGAATTCCTAAAAT
Mouse huntingti CTGTCTTATGAGCGCTACCATTCAAAACAGATCATTGGAATTCCTAAAAT
Kk AAAAKARE KA RAR A AARA AR AR R A AR AR AR AR AR AR R AR AN AN
hHunt normal 19 CATTCAGCTCTGTGATGGCATCATGGCCAGTGGAAGGAAGGCTGTGACAC
Mouse huntingti CATCCAGCTGTGTGATGGCATCATGGCCAGTGGAAGGAAGGCCGTTACAC
Fohkk HEAKAE AAKARARAARARARRARAR XA XA XA RRAR AR KA K KNXA
Exon 36 shHD35.1
hHunt normal 19 ATGCCATACCGGCTCTGCAGCCCATAGTCCACGACCTCTTTGTATTAAGA
Mouse huntingti ATGCTATACCTGCTCTGCAGCCCATTGTCCATGACCTCTTTGTGTTACGA
EAk* hhEAE KAEFEFEFFEFEAAF FhAEF AFFAFFEAAES KA F kK
hHunt normal 19 GGAACAAATAAAGCTGATGCAGGAAAAGAGCTTGAARACCCAAARAAGAGGT
Mouse huntingti GGAACAAATAAAGCTGATGCAGGGAAAGAGCTTGAGACACAGAAGGAGGT
Fhhkd kA A I A XA AT A AT A F A AL FEF A XA FFAXE FE Ak kF A hkaE
Exon 37
hHunt normal 19 GGTGGTGTCAATGTTACTGAGACTCATCCAGTACCATCAGGIGTTGGAGA
Mouse huntingti GGTGGTCTCCATGCTGTTACGACTCATCCAGTACCATCAGGTGCTGGAGA

E e S kS S o * TAXEAXXAXEAAXAXAXA TR AN ok oAbk otk At

hHunt normal 19 TGTTCATTCTTG TCCTGCAGCAGTGCCACAAGGAGAATGAAGACAAGTGG
Mouse huntingti TGTTCATCCTTGTCCTGCAGCAGTGCCACAAGGAGAATGAGGACAAGTGG
ER E b b b S b b o b b b b o b S b S S S P o E R
shHD37.1
hHunt normal 19 AAGCGACTGTCTCGACAGATAGCTGACATCATCCTCCCAATGTTAGCCAA
Mouse huntingti AAACGGCTCTCTCGCGCAGGTCGCAGACATCATCCTGCCCATGTTGGCCAA
Ak Ak dk dAkkdkk dkRk X kk kdkrRAAAANA kA AkA Ak XArRkA
Exon 38
hHunt normal 19 ACAGCAGATGCACATTGACTCTCATGAAGCCCTTGGAGTGTTAAATACAT
Mouse huntingti GCAGCAGATGCATATTGACTCTCATGAAGCCCTTGGAGTGTTAARATACCT
dhkdhA AT T EAX X HAATA AT AT AR I AT * X hererrx *
shHD38.1 shHD38.2

hHunt normal 19 TATTTGAGATTTTGGCCCCTTCCTCCCTCCGTCCGGTAGACATGCTTTTA
Mouse huntingti TGTTTGAGATTTTGGCTCCTTCCTCCCTACGTCCTGTGGACATGCTTTTG

FOATEFFAXFARFATEL AFFAXXXEFTET O AFEXE FF FXFFAFIFEIAH*dsn

Exon 39

hHunt normal 19 CGGAGTATGTTCGTCACTCCAAACACAATGGCGTCCGTGAGCACTGTTCA
Mouse huntingti CGGAGTATGTTCATCACTCCAAGCACAATGGCATCTGTAAGCACTGTGCA

FREXREKRRFELELS TE*Eddhdd fxrkrhdhhdr *k Kk AKX AAX Xk

hHunt normal 19 ACTGTGGATATCGGGAATTCTGGCCATTTTGAGGGTTCTGATTTCCCAGT
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Mouse huntingti GCTGTGGATATCTGGAATCCTCGCCATTCTGAGGGTTCTCATTTCCCAGT
AAKAAKKATK A KAREKE HE AEAKEE AEAAAAAIAA A AA AR AKX AR
hHunt normal 19 CAACTGAAGATATTGTTCTTTCTCGTATTCAGGAGCTCTCCTTCTCTCCG
Mouse huntingti CAACCGAGGACATTGTTCTTTGTCGTATTCAGGAGCTCTCCTTCTCTCCA
kA h Ak hk Ak kA KRR EA A A E ok kA E A Ak kK kA A kKA kA
hHunt normal 19 TATTTAATCTCCTGTACAGTAATTAATAGGTTAAGAGATGGGGACAGTAC
Mouse huntingti CACTTGCTCTCCTGTCCAGTGATTAACAGGTTAAGGGGTGGAGGCGGTAA

* KA HAFA AR A KA Ak Ak Ak HAhA AR & Akd X & AAA

hHunt normal 19 TTCAACGCTAGAAGAACACAGTGAAGGGAAACAAATAAAGAATTTGCCAG
Mouse huntingti TGTAACACTAGGAGAATGCAGCGAAGGGAAACAAA---AGAGTTTGCCAG
* AhAk KAKKE K AAA AEFEx AAAAXAALA A A AA ARA HAAAXA AKX

Exon 40
hHunt normal 19 AAGAAACATTTTCAAGGTTTCTATTACAACTGGTTGGTATTCTTTTAGAA
Mouse huntingti AAGATACATTCTCAAGGTTTCTTTTACAGCTGGTTGGTATTCTTCTAGAA

AhEE FEXAX FAXAXFX T I AT FThhdd FEXAFIA T T dhd Fxdx%

hHunt normal 19 GACATTGTTACAAAACAGCTGAAGGTGGAAATGAGTGAGCAGCAACATAC
Mouse huntingti GACATCGTTACAAAACAGCTCAAAGTGGACATGAGTGAACAGCAGCATAC
HEXTX TXXXTLXLTXAXAHAXT AF FXHTHX XA Hrdd xddddr vddxx
hHunt normal 19 TTTCTATTGCCAGGAACTAGGCACACTGCTAATGTGTCTGATCCACATCT
Mcuse huntingti GTTCTACTGCCAAGAGCTAGGCACACTGCTCATGTGTCTGATCCACATAT
kkkkk kkkkk kk kkkkkkkkkkkdkkk kxkkhkkkkrkkkkrkkkkkk %
oxon 41
hHunt normal 19 TCAAGTCTGGAATGTTCCGGAGAATCACAGCAGCTGCCACTAGGCTGTTC
Mouse huntingti TCAAATCTGGAATGTTCCGGAGAATCACAGCAGCTGCCACTAGACTCTTC
HEEX EXXEAAAAAAAAAA AR A AR AARAAAA AR AT I AT R A, KA KA
S
hHunt normal 19 CGCAGTGATGGCTGTGGCGGCAGTTTCTACACCCTGGACAGCTTGAACTT
Mouse huntingti ACCAGTGATGGCTGTGAAGGCAGCTTCTATACTCTAGAGAGCCTGAATGC
EEEEE SR EE S EEEE S FExEXALX AAXAA FA AFX XA FAA KAAKX
hHunt normal 19 GCGGGCTCGTTCCATGATCACCACCCACCCGGCCCTGGTGCTGCTCTGGT
Mouse huntingti ACGGGTCCGATCCATGGTGCCCACGCACCCAGCCCTGGTACTGCTCTGGT

A KA A *A AAAAAA X AAAE AAkA AL AAkAAAAA KA AAAAAA A A

hHunt normal 19 GTCAGATACTGCTGCTTGTCAACCACACCGACTACCGCTGGTGGGCAGAA

Mouse huntingti GTCAGATCCTACTTCTCATCAACCACACTGACCACCGGTGGTGGGCAGAG
AAAAAhAx AKX AKX Ak HAAAXAAARE HAA AAAX AXAAXRA AL XA

Exon 42

hHunt normal 19 GTGCAGCAGACCCCGAARAGACACAGTCTGTCCAGCACAAAGTTACTTAG

Mouse huntingti GTGCAGCAGACACCCAAGAGACACAGTCTGTCCTGCACGAAGTCACTTAA
AAXAAAKAAKE K dF XXX XTETXTIEFTETEET *TxkFxd T x *Thdx%

hHunt normal 19 TCCCCAGATGTCTGGAGAAGAGGAGGAT TCTGAC TTGGCAGCCAAACTTG

Mouse huntingti CCCCCAGAAGTCTGGCGAAGAGGAGGATTCTGGC TCGGCAGCTCAGCTGG

EXTXEXTX THXXTFE AT XXATLILXAAIHEY % T dds K o S

hHunt normal 19 GAATGTGCAATAGAGAAATAGTACGAAGAGGGGCTCTCATTCTCTTCTGT
Mouse huntingti GAATGTGCAATAGAGAAATAGTGCGAAGAGGGGCCCTTATTCTCTTCTGT
KEEXETEXXEAATHHATRRTERNE XX ATIRTHRET KT AT R I T FITTNRN
1 Bxon 43 shHD42 2
hHunt normal 19 GATTATGTC IGTCAGAACCTCCATGACTCCGAGCACTTAACGTGGCTCAT
Mouse huntingti GATTATGTC TGTCAGAATCTCCATGACTCAGAACACTTAACATGGCTCAT
TETXFRXXR XA AR AAAE Ak ok kA Addd ok hhdhdAdd *hkhtkdka®
hHunt normal 19 TGTAAATCACATTCAAGATCTGATCAGCCTTTCCCACGAGCCTCCAGTAC
Mouse huntingti TGTGAATCACATTCAAGATCTGATCAGCTTIGTCTCATGAGCCTCCAGTAC
AAE AFAAFAAXAAAFAAXAAA KA AAAA * A% A* AAXAAXAAAAAAAF
hHunt normal 19 AGGACTTCATCAGTGCCGTTCATCGGAACTCTGCTGCCAGCGGCCTGTTC
Mouse huntingti AAGACTTTATTAGTGCCATTCATCGTAATTCTGCAGCTAGTGGTCTTTTT

K KA KKA khk AKAAAA KAAAAAA Ak AhkkAd kk AKX KA Ak kA

hHunt normal 19 ATCCAGGCAATTCAGTCTCGTTGTGAAAACCTTTCAACTCCAACCATGCT
Mouse huntingti ATCCAGGCAATTCAGTCTCGCTGTGAAAATCTTTCAACGCCAACCACTCT

AXAAAAAARKAAXARAARAARA HAAAKAAA AAKAAXAAL FFXX*XY * %

hHunt normal 19 GAAGAAARACTCTTCAGTGCTTGGAGGGGATCCATCTCAGCCAGTCGGGAG
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Mouse huntingti GAAGAAAACACTTCAGTGCTTGGAAGGCATCCATCTCAGCCAGTCTGGTG
FEKKKFHEH KAXXAFFERTRAA* Kk Ak rrdhhdbrrrrddsst ** *
hHunt normal 19 CTGTGCTCACGCTGTATGTGGACAGGCTTCTGTGCACCCCTTTCCGTGTG
Mouse huntingti CTGTGCTCACACTATATGTGGACAGGCTCCTGGGCACCCCCTTCCGTGCG
EEEKEEXERE Kx *EXEEXIXAXELEE *xd KAXE*** AEEETAX ¥
hHunt normal 19 CTGGCTCGCATGGTCGACATCCTTGCTTGTCGCCGGGTAGAAATGCTTCT
Mouse huntingti CTGGCTCGCATGGTCGACACCCTGGCCTGTCGCCGGGTAGAAATGCTTTT
L L A e T T )
hHunt normal 19 GGCTGCAAATTTACAGAGCAGCATGGCCCAGTTGCCAATGGAAGAACTCA
Mouse huntingti GGCTGCAAATTTACAGAGCAGCATGGCCCAGTTGCCAGAGGAGGAACTAA
Iy T T T T )
hHunt normal 19 ACAGAATCCAGGAATACCTTCAGAGCAGCGGGCTCGCTCAGAGACACCAA
Mouse huntingti ACAGAATCCAAGAACACCTCCAGAACAGTGGGCTTGCACAAAGACACCAA
EEERREHXHET RAX HHEKT AR AT FEK krdF®x K kN KEXARNKKEN
hHunt normal 19 AGGCTCTATTCCCTGCTGGACAGGTTTCGTCTCTCCACCATGCAAGACTC
Mouse huntingti AGGCTCTATTCACTGCTGGACAGATTCCGACTCTCTACTGTGCAGGACTC
EEERREHXHRR KRR FXERRRRN KK AKX kkkxd kx XkEx Rhxkw
hHunt normal 19 ACTTAGTCCCTCTCCTCCAGTCTCTTCCCACCCGCTGGACGGGGATGGGC
Mouse huntingti ACTTAGCCCCTTGCCCCCAGTCACTTCCCACCCACTGGATGGGGATGGGC

XA KEE KThREK *hk O FEAXXAX XXX AXF A LA E Axkdhkdk Ak dAwxAAAhAR

hHunt normal 19 ACGTGTCACTGGAAACAGTGAGTCCGGACAAAGACTGGTACGTTCATCTT
Mouse huntingti ACACATCTCTGGAAACAGTGAGTCCAGACAAAGACTGGTACCTCCAGCTT
*% ok kkkkkkh Kk Ak kKAAE Ak kA kA kKA *F XX *E *F k% *kx
hHunt normal 19 GTCAAATCCCAGTGTTGGACCAGGTCAGATTCTGCACTGCTGGAAGGTGC
Mouse huntingti GTCAGATCCCAGTGTTGGACCAGATCAGATTCTGCACTGCTGGAAGGTGC
Kkkk kKA KA KA * A AR * AN * Ak khkh ok hhhk kb hrh bk hrhx
hHunt normal 19 AGAGCTGGTGAATCGGATTCCTGCTGAAGATATGAATGCCTTCATGATGA
Mouse huntingti AGAGCTGGTCAACCGTATCCCTGCTGAAGATATGAATGACTTCATGATGA
R R R R R L AT S R S R A A 2
hHunt normal 19 ACTCGGAGTTCAACCTAAGCCTGCTAGCTCCATGCTTAAGCCTAGGGATG
Mouse huntingti GCTCGGAGTTCAACCTAAGCCTTTTGGCTCCCTGTTTAAGCCTTGGCATG
ErE*EFERRAEERE X AT LR ™ * Kk x kk KA kxR AKF kK KAx
hHunt normal 19 AGTGAAATTTCTGGTGGCCAGAAGAGTGCCCTTTTTGAAGCAGCCCGTGA
Mouse huntingti AGCGAGATTGCTAATGGCCAARAAGAGTCCCCTCTTTGAAGCAGCCCGTGG
Bk kK EEE K* RXKEEF RKAFTHE Kk ET KT XA XA T RN NN N
hHunt normal 19 GGTGACTCTGGCCCGTGTGAGCGGCACCGTGCAGCAGCTCCCTGCTGTCC
Mouse huntingti GGTGATTCTGAACCGGGTGACCAGTGTTGTTCAGCAGCTTCCTGCTGTCC
EREKK KHKK KKK KEKX K * R R L XY
hHunt normal 19 ATCATGTCTTCCAGCCCGAGCTGCCTGCAGAGCCGGCGGCCTACTGGAGC
Mouse huntingti ATCAAGTCTTCCAGCCCTTCCTGCCTATAGAGCCCACGGCCTACTGGAAC
EREK REFRARARA R NN HRAEEE  KEIEEE RERKKRERARAN ¥
hHunt normal 19 AAGTTGAATGATCTGTTTGGGGATGCTGCACTGTATCAGTCCCTGCCCAC
Mouse huntingti AAGTTGAATGATCTGCTTGGTGATACCACATCATACCAGTCTCTGACCAT
EhEKRFEF KKK A RRE Kbk x Kkk * ko R KRR KK KRE KKK
hHunt normal 19 TCTGGCCCGGGCCCTGGCACAGTACCTGGTGGTGGTCTCCAAACTGCCCA
Mouse huntingti ACTTGCCCGTGCCCTGGCACAGTACCTGGTGGTGCTCTCCAAAGTGCCTG
Kk kEkEk hk kA kA kA Ak kA A A KA Ik Kbk k Kk *kx kXA *E A kk K
hHunt normal 19 GTCATTTGCACCTTCCTCCTGAGAAAGAGAAGGACATTGTGAAATTCGTG
Mouse huntingti CTCATTTGCACCTTCCTCCTGAGAAGGAGGGGGACACGGTGAAGTTTGTG
Ak kA I AR AR AR AR * A XA * ko kd *kk  kkkhkd ok kkkd kK Ak x
hHunt normal 19 GTGGCAACCCTTGAGGCCCTGTCCTGGCATTTGATCCATGAGCAGATCCC
Mouse huntingti GTAATGACAGTTGAGGCCCTGTCATGGCATTTGATCCATGAGCAGATCCC
*% L R A T 2 R R R R R R e
hHunt normal 19 GCTGAGTCTGGATCTCCAGGCAGGGCTGGACTGCTGCTGCCTGGCCCTGC
Mouse huntingti ACTGAGTCTGGACCTCCAAGCCGGGCTAGACTGCTGCTGCCTGGCACTAC
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LR Rk o o B A G I

hHunt normal 19 AGCTGCCTGGCCTCTGGAGCGTGGTCTCCTCCACAGAGTTTGTGACCCAC
Mouse huntingti AGGTGCCTGGCCTCTGGGGGGTGCTGTCCTCCCCAGAGTACGTGACTCAT
T OKKERRKFEBRRKFE K HEE ok FRKKEE RAFFER KEREE AN
hHunt normal 19 GCCTGCTCCCTCATCTACTGTGTGCACTTCATCCTGGAGGCCGTTGCAGT
Mouse huntingti GCCTGCTCCCTCATCCATTGTGTGCGATTCATCCTGGAAGCCATTGCAGT
KEKKFRERK*EERK, k Khhhhhkd Kk hh AR rFdd hhk khkkrhF
hHunt normal 19 GCAGCCTGGAGAGCAGCTTCTTAGTCCAGAAAGAAGGACAAATACCCCAA
Mouse huntingti ACAACCTGGAGACCAGCTTCTCGGTCCTGAAAGCAGGTCACATACTCCAA
FH OKEEKRKKEE RRFFERRT AXFF AkFFFH AwK* KK KERE kERN
hHunt normal 18 AAGCCATCAGCGAGGAGGAGGAGGAAGTAGATCCAAACACACAGAATCCT
Mouse huntingti GAGCTGTCAG---—-- AAAGGAGGAAGTAGACTCAGATATACAAAACCTC
wkk kREK Fhwkkkhkkkkkkrk  kk ok Kk kk* k¥ ¥
hHunt normal 19 AAGTATATCACTGCAGCCTGTGAGATGGTGGCAGAAATGGTGGAGTCTCT
Mouse huntingti AGTCATGTCACTTCGGCCTGCGAGATGGTGGCAGACATGGTGGAATCCCT
* FEk kkkEE Kk KEKKK* FRKKEFKRKKEIKRKF AKX FFEKK* KK kK
hHunt normal 19 GCAGTCGGTGTTGGCCTTGGGTCATAAAAGGAATAGCGGCGTGCCGGCGT
Mouse huntingti GCAGTCAGTGCTGGCCTTGGGCCACAAGAGGAACAGCACCCTGCCTTCAT

wRKKFA hhkh KhkhhkhRkkKKhkh kh o kk Khkkhkkk hwk E * Ok

hHunt normal 19 TTCTCACGCCATTGCTAAGGAACATCATCATCAGCCTGGCCCGCCTGCCC
Mouse huntingti TTCTCACAGCTGTGCTGAAGAACATTGTTATCAGTCTGGCCCGACTCCCC
khkkkhhEk Kk kkkk ok kkkkkh ok KkEkK FEAAEEEE *k khK
hHunt normal 19 CTTGTCAACAGCTACACACGTGTGCCCCCACTGGTGTGGAAGCTTGGATG
Mouse huntingti CTAGTTAACAGCTATACTCGTGTGCCTCCTCTGGTATGGARAACTCGGGTG
KH KE KKK FEERK KE KKKERKKE KK KRERF KERFF K% kK kw
hHunt normal 18 GTCACCCAAACCGGGAGGGGATTTTGGCACAGCATTCCCTGAGATCCCCG
Mouse huntingti GTCACCCAAGCCTGGAGGGGATTTTGGCACAGTGTTTCCTGAGATCCCTG
Thkkkhkkkk kk KkkkRkhkkRhh kAR hhkx  kk Kkkkkkkhkkkk
hHunt normal 19 TGGAGTTCCTCCAGGAAAAGGAAGTCTTTAAGGAGTTCATCTACCGCATC
Mouse huntingti TAGAGTTCCTCCAGGAGAAGGAGATCCTCAAGGAGTTCATCTACCGCATC
FORKFEERKFIEERKK* ST KX*FE *E ok KETRRTFERRFFERT T FLRNS
hHunt normal 19 AACACACTAGGCTGGACCAGTCGTACTCAGTTTGAAGAAACTTGGGCCAC
Mouse huntingti AACACCCTAGGGTGGACCAATCGTACCCAGTTCGAAGAAACTTGGGCCAC
L R T )
hHunt normal 19 CCTCCTTGGTGTCCTGGTGACGCAGCCCCTCGTGATGGAGCAGGAGGAGA
Mouse huntingti CCTCCTTGGTGTCCTGGTGACTCAGCCCCTGGTGATGGAACAGGAAGAGA
KEKKFEERK*ERRKR*F AT I H Kk hhhkhd KA rFdhd Fhhrd Hxk*
hHunt normal 19 GCCCACCAGAAGAAGACACAGAGAGGACCCAGATCAACGTCCTGGCCGTG
Mouse huntingti GCCCACCAGAGGAAGACACAGAAAGAACCCAGATCCATGTCCTGGCTGTG
KRR FEER KT T FRXKFERRIFE Kh FRNFETRRFT % KFFwR*d s *hF
hHunt normal 19 CAGGCCATCACCTCACTGGTGCTCAGTGCAATGACTGTGCCTGTGGCCGG
Mouse huntingti CAGGCCATCACCTCTCTAGTGCTCAGTGCAATGACCGTGCCTGTGGCTGG

KRR KFhhh KTk whF Kk Khkhihkkhhwhrkkhhhkkkkh kkkhkwhkkkkkhkk kk

hHunt normal 19 CAACCCAGCTGTAAGCTGCTTGGAGCAGCAGCCCCGGAACAAGCCTCTGA
Mouse huntingti CAATCCAGCTGTAAGCTGCTTGGAGCAACAGCCCCGGAACAAGCCACTGA
FEH FAFFFFIAXTAFATTAAATFAFTFIAETT XA AFAFA X FAFFFAIF T Rd%d FFF%
hHunt normal 19 AAGCTCTCGACACCAGGTTTGGGAGGAAGCTGAGCATTATCAGAGGGATT
Mouse huntingti AGGCTCTCGATACCAGATTTGGAAGAAAGCTGAGCATGATCAGAGGGATT
FT O ORFRAAFTRF AR FFT KA AIF R AFFAAATRAATE A A RRAAAYIRAS
hHunt normal 19 GTGGAGCAAGAGATTCAAGCAATGGTTTCAAAGAGAGAGAATATTGCCAC
Mouse huntingti GTAGAACAAGAAATCCAAGAGATGGTTTCCCAGAGAGAGAATACTGCCAC
K Kk hRRNF kN wRKN wh KKK KKK KRHFFFFF*hdhdhd Frvvihd
hHunt normal 19 CCATCATTTATATCAGGCATGGGATCCTGTCCCTTCTCTGTCTCCGGCTA
Mouse huntingti TCACCATTCTCACCAGGCGTGGGATCCTGTCCCTTCTCTGTTACCAGCTA
*k F*HIK T OKFXTXTET AAFFFFAFTXT I XA I A XA A AT FFAAN *k kEkKkH
Exon 57
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hHunt normal 19 CTACAGGTGCCCTCATCAGCCACGAGAAGCTGCTGCTACAGATCAACCCC
Mouse huntingti CTACAGGTGCTCTTATCAGCCATGACAAGCTGCTGCTGCAGATCAACCCA
dhhdhhk khkhkd dod kAR R R Kk kkkdkk kAR Kb kR A Ak kA
Exon 58
hHunt normal 19 GAGCGGGAGCTGGGGAGCATGAGCTACAAACTCGGCCAGGTGTCCATACA
Mouse huntingti GAGCGGGAGCCAGGCAACATGAGCTACAAGCTGGGCCAGGTGTCCATACA

Aok kA kA A A A A hhk A khkkAAAAAAAAA hohk kAR AAAE R I RF L AR AR

hHunt normal 19 CTCCGTGTGGCTGGGGAACAGCATCACACCCCTGAGGGAGGAGGAATGGG
Mouse huntingti 7880 CTCCGTGTGGCTGGGAAATAACATCACACCCCTGAGAGAGGAGGAATGGG

Akkkhkkkhkkrkk kR AE kk ok KkErE A A x KX AAAIE Ak kR xRk kA k A F
shHD58.1
hHunt normal 19 ACGAGGAAGAGGAGGAGGAGGCCGACGCCCCTGCACCTTCGTCACCACCC

Mouse huntingti 7930 ATGAGGAAGAAGAGGAAGAAAGTGATGTCCCTGCACCAACGTCACCACCT
* KA AFERE FEXFE FF FF F FFrkhkkrdhdr  hrxkxrrxrrdd

Exon 59 shHD58.2

hHunt normal 19 ACGTCTCCAGTCAACTCCAGGAAACACCGGGCTGGAGTTGACATCCACTC
Mouse huntingti GTGTCTCCAGTCAATTCCAGAAAACACCGTGCCGGGGTTGATATTCACTC
dehkhhh ke kb Kkdkkd RkkhhRkAdk kdk Ak Rh kR sk kA
hHunt normal 19 CTGTTCCCAGTTTTTGC TTGAGTTGTACAGCCGCTGGATCCTGCCGTCCA
Mouse huntingti CTGTTCGCAGTTTCTGCTTGAATTGTACAGCCGATGGATCCTGCCATCCA
R A EZEEEEEE L LIRS EEE SN EEELESEREEIEEEEEEEEEEEINESSE]
hHunt normal 19 GCTCAGCCAGGAGGACCCCGGCCATCCTGATCAGTGAGGTGGTCAGATCC
Mouse huntingti GTGCAGCCAGAAGGACCCCCGTCATCCTGATCAGTGAAGTGGTTCGATCT

* AAkAAAAAE dhdhkdkhkAA F AhkAkAAAd A A A AA A AA A A * Kk k&

Exon 60

hHunt normal 19 CTTCTAGTGGTCTCAGACTTGTTCACCGAGCGCAACCAGTTTGAGCTGAT
Mouse huntingti CTTCTTGTAGTGTCAGACTTATTCACCGAACGTACCCAGTTTGAAATGAT
khkkkdk khk kk kkhkkhkhkhkdk dhkhkkhkhkkk xk ok kdkkhhkhkkk * Kk ok
hHunt normal 19 GTATGTGACGCTGACAGAACTGCGAAGGGTGCACCCTTCAGAAGACGAGA
Mouse huntingti GTATCTGACGCTGACAGAACTACGGAGAGTGCACCCTTCAGAAGATGAGA
khkkk FhkrkrkxxdkkAxAAkAkkk kk bk kxxAAkhkAhkdhkdkddxkkhkx Ahkkk

hHunt normal 19 TCCTCGCTCAGTACCTGGTGCCTGCCACCTGCAAGGCAGCTGCCGTCCTT
Mouse huntingti TCCTCATTCAGTACCTGGTGCCTGCCACCTGTAAGGCAGCTGCTGTCCTT
* ok kkk FEIXEFX XTI AKX X XIF A XTI T XTI X F Frddrddrdrorx hxrid

Fxon 61

hHunt normal 19 GGGATGGACAAGGCCGTGGCGCAGCCTGTCAGCCGCCTGCTGGAGAGCAC
Mouse huntingti GGAATGGACAAAACTGTGGCAGAGCCAGTCAGCCGCCTACTGGAGAGCAC
kk khkk AAAAA A Ak dkdd hdddd AddddddddhAdd Ak dtddAd o d A
hHunt normal 19 GCTCAGGAGCAGCCACCTGCCCAGCAGGGTTGGAGCCCTGCACGGCGTCC
Mouse huntingti ACTGAGGAGCAGCCACCTGCCCAGCCAGATCGGAGCCCTGCACGGCATCC
AAh AAAAAAAAAA A A A A A A A A A A A A ok AAAAAAAAAAA A A A A A A A
hHunt normal 19 TCTATGTGCTGGAGTGCGACCTGCTGGACGACACTGCCAAGCAGCTCATC
Mouse huntingti TCTATGTGTTGGAGTGTGACCTCTTCGGATGACACTGCAAAGCAGCTCATT

RS S A EEE I EEEEE IS EES] EE S E AR EEEEE TS EEEEEESE RS
hHunt normal 19 CCGGTCATCAGCGACTATCTCCTCTCCAACCTGAAAGGGATCGCCCACTG
Mouse huntingti CCAGTTGTTAGTGACTATCTGCTGTCCAACCTCAAAGGAATAGCCCACTG
L A ® oAk dkkk kAR A Ah ks h sk kAR RRk A Ak khhk

Exon 62

hHunt normal 19 CGTGAACATTCACAGCCAGCAGCACGTACTGGTCATGTGTGCCACTGCGT
Mouse huntingti CGTGAACATTCACAGCCAGCAGCATGTGCTGGTAATGTGTGCCACTGCTT
Rhkhkkdkdkdhrkhkrrr kbbb hr b dd Lk kxxhkd dhkdkdhdhdrkrrhkrhrr K
hHunt normal 19 TTTACCTCATTGAGAACTATCCTCTGGACGTAGGGCCGGAATTTTCAGCA
Mouse huntingti TCTACCTGATGGAAAACTACCCTCTGGATGTGGGACCAGAATTTTCAGCA
* kkkdkk kkx kk Ak hkhkh Adkkhkkhkhk ok kk kk o kk dhkxkxhkkxkhhkhhk

FExon 63

hHunt normal 19 TCAATAATACAGATGTGTGGGGTGATGC TGTC TGGAAGTGAGGAGTCCAC
Mouse huntingti TCTGTGATACAGATGTGTGGAGTAATGC TGTC TGGAAGTGAGGAGTCCAC
* K * kA Xk x AAAAAAAE AA AAAAAAA A A A A AR A A A A A A A A A A A AA
hHunt normal 19 CCCCTCCATCATTTACCACTGTGCCCTCAGAGGCCTGGAGCGCCTCCTGC
Mouse huntingti CCCCTCCATCATTTACCACTGTGCCCTCCGGGGTCTGGAGCGGCTCCTGC
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FAREAAFAXRAAAXA ARG ATAA G A A AL AEF £ FF AdFFAAAE AAAFAEA

shHD63 1
hHunt normal 19 TCTCTGAGCAGCTCTCCCGCCTGGATGCAGAATCGCTGGTCAAGCTGAGT
Mouse huntingti TGTCTGAGCAGCTATCTCGGCTAGACACAGAGTCCTTGGTCAAGCTAAGT
h A AAAAA A AR AR Ak Ak AA Ak A AKX Ak gohk Ak ok Ak At kAR
Exon 64

hHunt normal 19 GTGGACAGAGTGAACGTGCACAGCCCGCACCGGGCCATGGCGGCTCTGGG
Mouse huntingti GTGGACAGAGTGAATGTACAAAGCCCACACAGGGCCATGGCAGCCCTAGG
dAhkAFdA A A AR bk d kk dk kdkkhkk khkk kxhkhkkkkkokk kdk kk ko
hHunt normal 19 CCTGATGCTCACCTGCATGTACACAGGAAAGGAGAAAGTCAGT CCGGGTA
Mouse huntingti CCTGATGCTCACCTGCATGTACACAGGAAAGGAAARARGCCAGT CCAGGCA
KKK IEIRIKRIRI KT RIhhTahhrxwhhrxdhhkhhknx kxkk *krhdx %*x *
hHunt normal 19 GAACTTCAGACCCTAATCCTGCAGCCCCCGACAGCGAGTCAGTGATTGTT
Mouse huntingti GAGCTTCTGACCCCAGCCCTGCTACACCTGACAGCGAGTCTGTGATTGTA

*x kxkk kkkkk ok * ok x k% * kk kkkkkkkokhkkk kkkkkkkk
hHunt normal 19 GCTATGGAGCGGGTATCTGTTCTTT TTGATAGGATCAGGAAAGGCTTTCC
Mouse huntingti GCTATGGAGCGAGTGTCTGTTCTCT TTGATAGGATCCGCAAGGGATTTCC
xR IEIRIKRE Kh Khkhkdrhkr Fhkxdkkkkxdhkx *k hk kk khkrkw
hHunt normal 19 TTGTGAAGCCAGAGTGGTGGCCAGGATCCTGCCCCAGTTTCTAGACGACT
Mouse huntingti CTGTGAAGCCAGGGTTGTGGCAAGGATCCTGCCTCAGTTCCTAGATGACT
*hkkxhkkxhkkxkk xk khkkxkk cxhkhkrhkkdhhkx krkhkkx kxhkhkx Ax ko
hHunt normal 19 TCTTCCCACCCCAGGACATCATGAACAAAGTCATCGGAGAGTTTCTGTCC
Mouse huntingti TCTTTCCACCTCAAGATGTCATGAACAAAGTCATTGGAGAGTTCCTGTCC

dkkhkk dhkxhkk khk kK dhxkdxrkkxkkkdkddk Fdhkhrkhrhd chkhxhh

hHunt normal 19 AACCAGCAGCCATACCCCCAGTTCATGGCCACCGTGGTGTATAAGGTGTT
Mouse huntingti AATCAGCAGCCATACCCACAGTTCATGGCCACTGTAGTTTACAAGGTTTT
Fk kxkkx A rrArhAE Kk kEx kA kA kEr* kk ok ok kEkxkE kk

hHunt normal 19 TCAGACTCTGCACAGCACCGGGCAGTCGTCCATGGTCCGGGACTGGGTCA
Mouse huntingti TCAGACTCTGCACAGTGCTGGGCAGTCATCCATGGTCCGGGACTGGGTCA
(2 2 R L A T L R T T ST T T T s

hHunt normal 19 TGCTGTCCCTCTCCAACTTCACGCAGAGGGCCCCGGTCGCCATGGCCACG
Mouse huntingti TGCTGTCCCTGTCCAACTTCACACAAAGAACTCCAGTTGCCATGGCCATG
2 T e L A L I L A X 22 B

hHunt normal 19 TGGAGCCTCTCCTGCTTCTTTGTCAGCGCGTCCACCAGCCCGTGGGTCGL
Mouse huntingti TGGAGCCTCTCCTGCTTCCTTGTTAGCGCATCTACCAGCCCATGGGTTTC
*kkkxkkx kA X kA EA*E *kA* kkkk* k* kkxkkx*k kAkxkEr  *

hHunt normal 19 GGCGATCCTCCCACATGTCATCAGCAGGATGGGCAAGCTGGAGCAGGTGG
Mouse huntingti TGCGATCCTTCCACATGTCATCAGCAGGATGGGCAAACTGGAACAGGTGG
R R e 2R R R R R R R s s

hHunt normal 19 ACGTGAACCTTTTCTGCCTGGTCGCCACAGACTTCTACAGACACCAGATA
Mouse huntingti ATGTGAACCTTTTCTGCCTGGTTGCCACAGACTTCTACAGACACCAGATA
P L R A L L R R LT Ty

hHunt normal 19 GAGGAGGAGCTCGACCGCAGGGCCTTCCAGTCTGTGCTTGAGGTGGTTGC
Mouse huntingti GAGGAGGAATTCGACCGCAGGGCTTTCCAGT CTGTGTTTGAGGTGGTGGC
2222 R T N 2 2 222 2 22 22 AR T TR T

hHunt normal 19 AGCCCCAGGAAGCCCATATCACCGGCTGCTGACTTGTTTACGAAATGTCC
Mouse huntingti TGCACCAGGAAGTCCATACCACAGGCTGCTTGCTTGTTTGCAAAATGTTC

xk Khkkrkkkxkk kkkkk xkh xxhkkxkkk xhkkxdkkx Kk Thkxkkk *

hHunt normal 19 ACAAGGTCACCACCTGCTGA

Mouse huntingti ACAAGGTCACCACCTGCTGAGTAGTGCCTGTGGGACAAAAGGCTGAAAGA
ook e e o ok ok ok ok e ok ok ok ok ok

hHunt normal 19
Mouse huntingti AGGCAGCTGCTGGGGCCTGAGCCTCCAGGAGCCTGCTCCAAGCTTCTGCT

hHunt normal 19
Mouse huntingti GGGGCTGCCTTGGCCGTGCAGGCTTCACTTGTGTCAAGTGGACAGCCAGG
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STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
NS044494, NS38712, HD44093, DK54759, and NS22920
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BACKGROUND OF THE INVENTION

Double-stranded RNA (dsRNA) can induce sequence-spe-
cific posttranscriptional gene silencing in many organisms by
a process known as RNA interference (RNAi). However, in
mammalian cells, dsRNA that is 30 base pairs or longer can
induce sequence-nonspecific responses that trigger a shut-
down of protein synthesis. RNA fragments are the sequence-
specific mediators of RNAI. Interference of gene expression
by these small interfering RNA (siRNA) is now recognized as
a naturally occurring strategy for silencing genes in C.
elegans, Drosophila, plants, and in mouse embryonic stem
cells, oocytes and early embryos.

SUMMARY OF THE INVENTION

The dominant polyglutamine expansion diseases, which
include Spinocerebellar ataxia type 1 (SCA1) and Hunting-
ton’s disease (HD), are progressive, untreatable neurodegen-
erative disorders. In inducible mouse models of SCA1 and
HD, repression of mutant allele expression improves disease
phenotypes. Thus, therapies designed to inhibit disease gene
expression would be beneficial. In this study, the ability of
RNA interference (RNAI) to inhibit polyglutamine-induced
neurodegeneration caused by mutant ataxin-1 was evaluated
in a mouse model of SCA1. Upon intracerebellar injection,
recombinant AAV vectors expressing shRNAs profoundly
improved motor coordination, restored cerebellar morphol-
ogy, and resolved characteristic ataxin-1 inclusions in
Purkinje cells of SCA1 mice. The present invention provides
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methods of using RNAI in vivo to treat dominant neurode-
generative diseases. “Treating” as used herein refers to ame-
liorating at least one symptom of, curing and/or preventing
the development of a disease or a condition.

In certain embodiment of the invention, siRNAs are
employed to inhibit expression of a target gene. By “inhibit
expression” is meant to reduce, diminish or suppress expres-
sion of a target gene. Expression of a target gene may be
inhibited via “gene silencing.” Gene silencing refers to the
suppression of gene expression, e.g., transgene, heterologous
gene and/or endogenous gene expression, which may be
mediated through processes that affect transcription and/or
through processes that affect post-transcriptional mecha-
nisms. In some embodiments, gene silencing occurs when
siRNA initiates the degradation of the mRNA transcribed
from a gene of interest in a sequence-specific manner via
RNA interference, thereby preventing translation of the
gene’s product (for a review, see Brantl, 2002).

The present invention provides an isolated RNA duplex
that has a first strand of RNA and a second strand of RNA,
wherein the first strand has at least 15 contiguous nucleotides
encoded by shSCA1.F10 (SEQ ID NO:102) or shSCA1.F11
(SEQ ID NO:103), and wherein the second strand is comple-
mentary to at least 12 contiguous nucleotides of the first
strand. In one embodiment, the first strand of RNA is encoded
by shSCA1.F10 or by shSCA1.F11. As used herein the term
“encoded by” is used in a broad sense, similar to the term
“comprising” in patent terminology. For example, the state-
ment “the first strand of RNA is encoded by SEQ ID NO:102”
means that the first strand of RNA sequence corresponds to
the RNA sequence transcribed from the DNA sequence indi-
cated in SEQ ID NO:102, but may also contain additional
nucleotides at either the 3' end or at the 5' end of the RNA
molecule.

The present invention also provides an RNA duplex (under
physiological conditions) having a first strand of RNA and a
second strand of RNA, wherein the first strand has at least 15
contiguous nucleotides encoded by (a) shHDEx2.1 (5'-AA-
GAAAGAACTTTCAGCTACC-3', SEQ ID NO:96)), (b)
shHDEx2.2 19 nt (5-AGAACTTTCAGCTACCAAG-3'
(SEQ ID NO:97)), (c) shHDEx2.2 21 nt (5'-AAA-
GAACTTTCAGCTACCAAG-3' (SEQID N0O:98)), (d) shH-
DEx3.119nt (5'-TGCCTCAACAAAGTTATCA-3' (SEQID
NO:99)), or (e) shHDEx3.1 21 nt (5'-AATGCCTCAA-
CAAAGTTATCA-3' (SEQ ID NO:100)), (f) siEX58#1 (5'-
GAGGAAGAGGAGGAGGCCGAC-3' (SEQ ID NO:101)),
or (g) siEX58#2 (5'-AAGAGGAGGAGGCCGACGCCC-3'
(SEQ ID NO:90)) and wherein the second strand is comple-
mentary to at least 12 contiguous nucleotides of the first
strand. In further embodiments, the first strand has at least 15
contiguous nucleotides encoded by SEQ ID NO:59, SEQ ID
NO:60, SEQ ID NO:63, SEQ ID NO:66, SEQ ID NO:68,
SEQ ID NO:70, SEQ ID NO:72, SEQ ID NO:74, SEQ 1D
NO:76, SEQ ID NO:78, SEQ ID NO:80, SEQ ID NO:82,
SEQ ID NO:84, SEQ ID NO:86, or SEQ ID NO:88, SEQ ID
NO:90, SEQ ID NO:96 through SEQ ID NO:101 or SEQ ID
NO:106 through SEQ ID NO:142, and wherein the second
strand is complementary to at least 12 contiguous nucleotides
of the first strand. In one embodiment, the loop structure
corresponds to SEQ ID NO:58. In one embodiment, the first
strand corresponds to SEQ ID NO:56 and the second strand
corresponds to SEQ ID NO:57.

The reference to siRNAs herein is meant to include shR-
NAs and other small RNAs that can or are capable of modu-
lating the expression of HD gene, for example via RNA
interference. Such small RNAs include without limitation,
shRNAs and miroRNAs (miRNAs).
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In certain embodiments, the RNA duplex described above
is between 15 and 30 base pairs in length, such as 19 or 21
base pairs in length. In certain embodiments, the first and/or
second strand further comprises an overhang, such as a 3'
overhang region, a 5' overhang region, or both 3' and 5' over-
hang regions. The two strands of RNA in the siRNA may be
completely complementary, or one or the other of the strands
may have an “overhang region” (i.e., a portion of the RNA
that does not bind with the second strand). Such an overhang
region may be from 1 to 10 nucleotides in length.

In certain embodiments, in the RNA duplex described
above, the first strand and the second strand are operably
linked by means of an RNA loop strand to form a hairpin
structure to form a duplex structure and a loop structure. In
certain embodiments, the loop structure contains from 4 to 10
nucleotides, such as 4, 5 or 6 nucleotides. In certain embodi-
ments, the loop structure corresponds to SEQ ID NO:61 or
SEQ ID NO:64.

The present invention further provides expression cassettes
containing a nucleic acid encoding at least one strand of the
RNA duplex described above. The expression cassette may
further contain a promoter, such as a regulatable promoter or
a constitutive promoter. Examples of suitable promoters
include a CMV, RSV, pol II or pol III promoter. The expres-
sion cassette may further contain a polyadenylation signal
(such as a synthetic minimal polyadenylation signal) and/or a
marker gene.

The present invention also provides vectors containing the
expression cassettes described above. Examples of appropri-
ate vectors include adenoviral, lentiviral, adeno-associated
viral (AAV), poliovirus, HSV, or murine Maloney-based viral
vectors. In one embodiment, the vector is an adenoviral vec-
tor. In certain embodiments, a vector may contain two expres-
sion cassettes, a first expression cassette containing a nucleic
acid encoding the first strand of the RNA duplex and a second
expression cassette containing a nucleic acid encoding the
second strand of the RNA duplex.

The present invention provides cells (such as a mammalian
cell) containing the expression cassette or vectors described
above. The present invention also provides a non-human
mammal containing the expression cassette or vectors
described above.

The present invention provides a method of suppressing
the accumulation of huntingtin or ataxin-1 in a cell by intro-
ducing a ribonucleic acid (RNA) described above into the cell
in an amount sufficient to suppress accumulation of hunting-
tin or ataxin-1 in the cell. In certain embodiments, the accu-
mulation of huntingtin or ataxin-1 is suppressed by at least
10%. The accumulation of huntingtin or ataxin-1 is sup-
pressed by at least 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90% 95%, or 99%.

The present invention provides a method of preventing
cytotoxic effects of mutant huntingtin or ataxin-1 in a cell by
introducing a ribonucleic acid (RNA) described above into
the cell in an amount sufficient to suppress accumulation of
huntingtin or ataxin-1, and wherein the RNA prevents cyto-
toxic effects of huntingtin or ataxin-1 in the ocular tissue cell.

The present invention provides a method to inhibit expres-
sion of a huntingtin or ataxin-1 gene in a cell by introducing
a ribonucleic acid (RNA) described above into the cell in an
amount sufficient to inhibit expression of the huntingtin or
ataxin-1, and wherein the RNA inhibits expression of the
huntingtin or ataxin-1 gene. The huntingtin or ataxin-1 is
inhibited by at least 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90% 95%, or 99%.

The present invention provides a method to inhibit expres-
sion of a huntingtin or ataxin-1 gene in a mammal (e.g., a
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human) by (a) providing a mammal containing a neuronal
cell, wherein the neuronal cell contains the huntingtin or
ataxin-1 gene and the neuronal cell is susceptible to RNA
interference, and the huntingtin or ataxin-1 gene is expressed
in the neuronal cell; and (b) contacting the mammal with a
ribonucleic acid (RNA) or a vector described above, thereby
inhibiting expression of the huntingtin or ataxin-1 gene. In
certain embodiments, the accumulation of huntingtin or
ataxin-1 is suppressed by at least 10%. The huntingtin or
ataxin-1 is inhibited by at least 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90% 95%, or 99%. In certain embodiments,
the cell located in vivo in a mammal.

The present invention provides a viral vector comprising a
promoter and a micro RNA (miRNA) shuttle containing an
embedded siRNA specific for a target sequence. In certain
embodiments, the promoter is an inducible promoter. In cer-
tain embodiments, the vector is an adenoviral, lentiviral,
adeno-associated viral (AAV), poliovirus, HSV, or murine
Maloney-based viral vector. In certain embodiments, the tar-
geted sequence is a sequence associated with a condition
amenable to siRNA therapy, such as a neurodegenerative
disease. An example of neurodegenerative diseases is a tri-
nucleotide-repeat disease, such as a disease associated with
polyglutamine repeats. These diseases include Huntington’s
disease or a spinocerebellar ataxia (SCA). Examples of SCA
diseases are SCA1, SCA2, SCA3, SCA6, SCA7, or SCA17.
The target sequence of the present invention, in certain
embodiments, is a sequence encoding ataxin-1 or huntingtin.

The present invention provides a method of preventing
cytotoxic effects of neurodegenerative disease in a mammal
in need thereof, by introducing the vector encoding a miRNA
described in the preceding paragraph into a cell in an amount
sufficient to suppress accumulation of a protein associated
with the neurodegenerative disease, and wherein the RNA
prevents cytotoxic effects of neurodegenerative disease.

The present invention also provides a method to inhibit
expression of a protein associated with the neurodegenerative
disease in a mammal in need thereof, by introducing the
vector encoding a miRNA described above into a cell in an
amount sufficient to inhibit expression of the protein associ-
ated with the neurodegenerative disease, wherein the RNA
inhibits expression of the protein associated with the neuro-
degenerative disease. The protein associated with the neuro-
degenerative disease is inhibited by at least 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90% 95%, or 99%.

This invention relates to compounds, compositions, and
methods useful for modulating Huntington’s Disease (also
referred to as huntingtin, htt, or HD) gene expression using
short interfering nucleic acid (siRNA) molecules. This inven-
tion also relates to compounds, compositions, and methods
useful for modulating the expression and activity of other
genes involved in pathways of HD gene expression and/or
activity by RNA interference (RNAI1) using small nucleic acid
molecules. In particular, the instant invention features small
nucleic acid molecules, such as short interfering nucleic acid
(siRNA), short interfering RNA (siRNA), double-stranded
RNA (dsRNA), micro-RNA (miRNA), and short hairpin
RNA (shRNA) molecules and methods used to modulate the
expression HD genes. A siRNA ofthe instant invention can be
chemically synthesized, expressed from a vector or enzymati-
cally synthesized.

In one embodiment, the present invention provides an
AAV-1 expressed siRNA comprising an isolated first strand
of RNA of 15 to 30 nucleotides in length and an isolated
second strand of RNA of 15 to 30 nucleotides in length,
wherein the first or second strand comprises a sequence that is
complementary to a nucleotide sequence encoding a mutant
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Huntington’s Disease protein, wherein at least 12 nucleotides
of the first and second strands are complementary to each
other and form a small interfering RNA (siRNA) duplex
under physiological conditions, and wherein the siRNA
silences the expression of the nucleotide sequence encoding
the mutant Huntington’s Disease protein in the cell. In one
embodiment, the first or second strand comprises a sequence
that is complementary to both a mutant and wild-type Hun-
tington’s disease allele, and the siRNA silences the expres-
sion of the nucleotide sequence encoding the mutant Hun-
tington’s Disease protein and wild-type Huntington’s
Disease protein in the cell.

In one embodiment, the present invention provides an
AAV-1 expressed siRNA comprising an isolated first strand
of RNA of 15 to 30 nucleotides in length and an isolated
second strand of RNA of 15 to 30 nucleotides in length,
wherein the first or second strand comprises a sequence that is
complementary to both a nucleotide sequence encoding a
wild-type and mutant Huntington’s Disease protein, wherein
at least 12 nucleotides of the first and second strands are
complementary to each other and form a small interfering
RNA (siRNA) duplex under physiological conditions, and
wherein the siRNA silences the expression of the nucleotide
sequence encoding the wild-type and mutant Huntington’s
Disease protein in the cell. In one embodiment, an AAV-1
vector of the invention is a psuedotyped rAAV-1 vector.

In one embodiment, the present invention provides a mam-
malian cell containing an isolated first strand of RNA for
example corresponding to SEQ ID NO:60, SEQ ID NO:63,
SEQ ID NO:66, SEQ ID NO:68, SEQ ID NO:70, SEQ 1D
NO:72, SEQ ID NO:74, SEQ ID NO:76, SEQ ID NO:78,
SEQ ID NO:80, SEQ ID NO:82, SEQ ID NO:84, SEQ 1D
NO:86, or SEQ ID NO:88, and an isolated second strand of
RNA of'15 to 30 nucleotides in length, wherein the first strand
contains a sequence that is complementary to a nucleotide
sequence encoding a Huntington’s Disease protein (htt), such
as wherein at least 12 nucleotides of the first and second
strands are complementary to each other and form a small
interfering RNA (siRNA) duplex for example under physi-
ological conditions, and wherein the siRNA silences the
expression of the Huntington’s Disease (HD) gene in the cell,
for example by targeting the cleavage of RNA encoded by the
HD gene or via translational blocking of the HD gene expres-
sion. SEQ ID NO:60 through SEQ ID NO:89 are all repre-
sented herein as DNA sequences. However, as used herein
when a claim indicates an RNA “corresponding to” it is meant
the RNA that has the same sequence as the DNA, except that
uracil is substituted for thymine. For example, SEQ IDNO:61
is 5'-GAAGCTTG-3", and the RNA corresponding to this
sequence is 5'-GAAGCUUG-3' (SEQ ID NO: 58).

The present invention also provides a mammalian cell con-
taining an expression cassette encoding an isolated first
strand of RNA corresponding to, for example, SEQ ID NO:56
or SEQ ID NO:57, and encoding an isolated second strand of
RNA of 15 to 30 nucleotides in length, wherein the first or
second strand comprises a sequence that is complementary to
a nucleotide sequence encoding a Huntington’s Disease pro-
tein (htt), for example wherein at least 12 nucleotides of the
first and second strands are complementary to each other and
form a small interfering RNA (siRNA) duplex for example
under physiological conditions, and wherein the siRNA
silences the expression of the Huntington’s Disease gene in
the cell, for instance by targeting the cleavage of RNA
encoded by the HD gene or via translational blocking of the
HD gene expression. The expression cassette may further
include a promoter, such as a regulatable promoter or a con-
stitutive promoter. Examples of suitable promoters include
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without limitation a pol II promoter such as cytomegalovirus
(CMV), Rous Sarcoma Virus (RSV), pol III promoters such
as U6, and any other pol II or pol III promoter as is known in
the art. The expression cassette may further optionally
include a marker gene, such as a stuffer fragment comprising
a marker gene. The expression cassette may be contained in a
vector, such as an adenoviral, lentiviral, adeno-associated
viral (AAV), poliovirus, HSV, or murine Maloney-based viral
vector. In one embodiment, the first strand corresponds to
SEQ ID NO:56 and the second strand corresponds to SEQ ID
NO:57.

The present invention provides a small interfering RNA
(siRNA) containing a first strand of RNA corresponding to for
example SEQ ID NO:56 or SEQ ID NO:57, and a second
strand of RNA of 15 to 30 nucleotides in length, wherein the
first or second strand comprises a sequence that is comple-
mentary to a nucleotide sequence encoding a Huntington’s
Disease protein (htt), for example wherein at least 12 nucle-
otides of the first and second strands are complementary to
each other and form an siRNA duplex under physiological
conditions, wherein the duplex is between 15 and 30 base
pairs in length, and wherein the siRNA silences the expres-
sion of the Huntington’s Disease gene in the cell, for instance
via RNA interference.

The present invention provides a method of performing
Huntington’s Disease gene silencing in a mammal by admin-
istering to the mammal an expression cassette encoding an
isolated first strand of RNA corresponding to for example
SEQ ID NO:56 or SEQ ID NO:57, and encoding an isolated
second strand of RNA of 15 to 30 nucleotides in length,
wherein the first or second strand comprises a sequence that is
complementary to a nucleotide sequence encoding a Hun-
tington’s Disease protein (htt), for example wherein at least
12 nucleotides of the first and second strands are complemen-
tary to each other and form a small interfering RNA (siRNA)
duplex under physiological conditions, and wherein the
expression of the siRNA from the expression cassette silences
the expression of the Huntington’s Disease gene in the mam-
mal, for instance via RNA interference.

The present invention provides an isolated RNA compris-
ing for example SEQ ID NO:59 that functions in RNA inter-
ference to a sequence encoding a mutant Huntington’s Dis-
ease protein (htt).

The present invention provides an isolated RNA duplex
comprising a first strand of RNA corresponding to for
example SEQ ID NO:56 and a second strand of RNA corre-
sponding to for example by SEQ ID NO:57. The first and/or
second strand optionally further include a 3' overhang region,
a 5' overhang region, or both 3' and 5' overhang regions, and
the overhang region (or regions) can be from 1 to 10 nucle-
otides in length. Further, the first strand and the second strand
can be operably linked by means of an RNA loop strand to
form a hairpin structure comprising a duplex structure and a
loop structure. This loop structure, if present may be from 4 to
10 nucleotides. In one embodiment, the loop structure corre-
sponds to SEQ ID NO:58 or a portion thereof.

The present invention provides a vector, such as an AAV
vector, comprising two expression cassettes, a first expres-
sion cassette comprising a nucleic acid encoding the first
strand of'the RNA duplex corresponding to for example SEQ
ID NO:56 and a second expression cassette comprising a
nucleic acid encoding the second strand of the RNA duplex
corresponding to for example SEQ ID NO:57. The present
invention also provides a cell containing this vector. In one
embodiment, the cell is a mammalian cell.

The present invention provides a mammalian cell contain-
ing an isolated first strand of RNA of 15 to 30 nucleotides in
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length, and an isolated second strand of RNA of 15 to 30
nucleotides in length, wherein the first strand contains a
sequence that is complementary to for example at least 15
nucleotides of RNA encoded by a targeted gene of interest
(for example the HD gene), wherein for example at least 12
nucleotides ofthe first and second strands are complementary
to each other and form a small interfering RNA (siRNA)
duplex for example under physiological conditions, and
wherein the siRNA silences (for example via RNA interfer-
ence) only one allele of the targeted gene (for example the
mutant allele of HD gene) in the cell. The duplex of the siRNA
may be between 15 and 30 base pairs in length. The two
strands of RNA in the siRNA may be completely complemen-
tary, or one or the other of the strands may have an “overhang
region” or a “bulge region” (i.e., a portion of the RNA that
does not bind with the second strand or where a portion of the
RNA sequence is not complementary to the sequence of the
other strand). These overhangs may be at the 3' end or at the
5'region, or at both 3' and 5' ends. Such overhang regions may
be from 1 to 10 (e.g., 1, 2,3, 4, 5, 6, 7, 8, 9, 10) or more
nucleotides in length. The bulge regions may be at the ends or
in the internal regions of the siRNA duplex. Such bulge
regions may be from 1-5 (e.g., 1, 2, 3, 4, 5) or more nucle-
otides long. Such bulge regions may be the bulge regions
characteristics of miRNAs. In the present invention, the first
and second strand of RNA may be operably linked together
by means of an RNA loop strand to form a hairpin structure to
form a “duplex structure” and a “loop structure.” These loop
structures may be from 4 to 10 (e.g., 4,5,6,7,8,9, 10) ormore
nucleotides in length. For example, the loop structure may be
4, 5 or 6 nucleotides long.

The present invention also provides a mammalian cell that
contains an expression cassette encoding an isolated first
strand of RNA of 15 to 30 nucleotides in length, and an
isolated second strand of RNA of 15 to 30 nucleotides in
length, wherein the first strand contains a sequence that is
complementary to for example at least 15 contiguous nucle-
otides of RNA encoded by a targeted gene of interest (for
example the HD gene), wherein for example at least 12 nucle-
otides of the first and second strands are complementary to
each other and form a small interfering RNA (siRNA) duplex,
for example under physiological conditions, and wherein the
siRNA silences (for example via RNA interference) only one
allele of the targeted gene (for example the mutant allele of
HD gene) in the cell. These expression cassettes may further
contain a promoter. Such promoters can be regulatable pro-
moters or constitutive promoters. Examples of suitable pro-
moters include a CMV, RSV, pol II or pol III promoter. The
expression cassette may further contain a polyadenylation
signal, such as a synthetic minimal polyadenylation signal.
The expression cassette may further contain a marker gene.
The expression cassette may be contained in a vector.
Examples of appropriate vectors include adenoviral, lentivi-
ral, adeno-associated viral (AAV), poliovirus, HSV, or
murine Maloney-based viral vectors. In one embodiment, the
vector is an adenoviral vector or an adeno-associated viral
vector.

In the present invention, the alleles of the targeted gene
may differ by seven or fewer nucleotides (e.g., 7, 6, 5, 4, 3,2
or 1 nucleotides). For example the alleles may differ by only
one nucleotide. Examples of targeted gene transcripts include
transcripts encoding a beta-glucuronidase, TorsinA, Ataxin-
3, Tau, or huntingtin. The targeted genes and gene products
(i.e., a transcript or protein) may be from different species of
organisms, such as a mouse allele or a human allele of a target
gene.
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The present invention also provides an isolated RNA
duplex containing a first strand of RNA and a second strand of
RNA, wherein the first strand contains for example at least 15
nucleotides complementary to mutant TorsinA represented
for example by SEQ ID NO:55 (5'-GTAAGCAGAGTGGCT-
GAGATGACATTTTTCCCCAAAGAG-3"), and wherein the
second strand is complementary to for example at least 12
contiguous nucleotides of the first strand. In one embodiment
of the invention (mutA-si), the first strand of RNA corre-
sponds to for example SEQ ID NO:49 and the second strand
of RNA corresponds to for example SEQ ID NO:50. In an
alternative embodiment (mutB-si), the first strand of RNA
corresponds to for example SEQ ID NO:51 and the second
strand of RNA corresponds to for example SEQ ID NO:52. In
another embodiment (mutC-si), the first strand of RNA cor-
responds to for example SEQ ID NO:53 and second strand of
RNA corresponds to for example SEQ ID NO:54. As used
herein the term “encoded by” means that the DNA sequence
is transcribed into the RNA of interest. This term is used in a
broad sense, similar to the term “comprising” in patent ter-
minology. For example, the statement “the first strand of RNA
is encoded by SEQ ID NO:49” means that the first strand of
RNA sequence corresponds to the DNA sequence indicated
in SEQ ID NO:49, but may also contain additional nucle-
otides at either the 3' end or at the 5' end of the RNA molecule.

The present invention further provides an RNA duplex
containing a first strand of RNA and a second strand of RNA,
wherein the first strand contains for example at least 15 con-
tiguous nucleotides complementary to mutant Ataxin-3 tran-
script encoded by SEQ ID NO:8, and wherein the second
strand is complementary to for example at least 12 contiguous
nucleotides of the first strand. In one embodiment (siC7/8),
the first strand of RNA is encoded by SEQ ID NO:19 and the
second strand of RNA is encoded by SEQ ID NO: 20. In
another embodiment (siC10), the first strand of RNA is
encoded by SEQ ID NO:21 and the second strand of RNA is
encoded by SEQ ID NO:22.

The present invention further provides an RNA duplex
containing a first strand of RNA and a second strand of RNA,
wherein the first strand contains for example at least 15 con-
tiguous nucleotides complementary to mutant Tau transcript
for example encoded by SEQ ID NO:39 (siA9/C12), and
wherein the second strand is complementary to at least 12
contiguous nucleotides of the first strand. The second strand
may be encoded for example by SEQ ID NO:40.

The RNA duplexes of the present invention are between 15
and 30 base pairs in length. For example they may be between
19 and 25 base pairs in length or 19-27 base-pairs in length.
As discussed above the first and/or second strand further may
optionally comprise an overhang region. These overhangs
may be at the 3' end or at the 5' overhang region, or at both 3'
and 5' ends. Such overhang regions may be from 1 to 10
nucleotides in length. The RNA duplex of the present inven-
tion may optionally include nucleotide bulge regions. The
bulge regions may be at the ends or in the internal regions of
the siRNA duplex. Such bulge regions may be from 1-5
nucleotides long. Such bulge regions may be the bulge
regions characteristics of miRNAs. In the present invention,
the first and second strand of RNA may be operably linked
together by means of an RNA loop strand to form a hairpin
structure to form a “duplex structure” and a “loop structure.”
These loop structures may be from 4 to 10 nucleotides in
length. For example, the loop structure may be 4, 5 or 6
nucleotides long.

In the present invention, an expression cassette may con-
tain a nucleic acid encoding at least one strand of the RNA
duplex described above. Such an expression cassette may
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further contain a promoter. The expression cassette may be
contained in a vector. These cassettes and vectors may be
contained in a cell, such as a mammalian cell. A non-human
mammal may contain the cassette or vector. The vector may
contain two expression cassettes, the first expression cassette
containing a nucleic acid encoding the first strand of the RNA
duplex, and a second expression cassette containing a nucleic
acid encoding the second strand of the RNA duplex.

In one embodiment, the present invention further provides
a method of performing gene silencing in a mammal or mam-
malian cell by administering to the mammal an isolated first
strand of RNA of about 15 to about 30 nucleotides (for
example 19-27 nucleotides) in length, and an isolated second
strand of RNA of 15 to 30 nucleotides (for example 19-27
nucleotides) in length, wherein the first strand contains for
example at least 15 contiguous nucleotides complementary to
a targeted gene of interest (such as HD gene), wherein for
example at least 12 nucleotides of the first and second strands
are complementary to each other and form a small interfering
RNA (siRNA) duplex for example under physiological con-
ditions, and wherein the siRNA silences only one or both
alleles of the targeted gene (for example the wild type and
mutant alleles of HD gene) in the mammal or mammalian
cell. In one example, the gene is a beta-glucuronidase gene.
The alleles may be murine-specific and human-specific alle-
les of beta-glucuronidase. Examples of gene transcripts
include an RNA transcript complementary to TorsinA,
Ataxin-3, huntingtin or Tau. The targeted gene may be a gene
associated with a condition amenable to siRNA therapy. For
example, the condition amenable to siRNA therapy could be
a disabling neurological disorder.

“Neurological disease” and “neurological disorder” refer
to both hereditary and sporadic conditions that are character-
ized by nervous system dysfunction, and which may be asso-
ciated with atrophy of the affected central or peripheral ner-
vous system structures, or loss of function without atrophy. A
neurological disease or disorder that results in atrophy is
commonly called a “neurodegenerative disease” or “neuro-
degenerative disorder.” Neurodegenerative diseases and dis-
orders include, but are not limited to, amyotrophic lateral
sclerosis (ALS), hereditary spastic hemiplegia, primary lat-
eral sclerosis, spinal muscular atrophy, Kennedy’s disease,
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
and repeat expansion neurodegenerative diseases, e.g., dis-
eases associated with expansions of trinucleotide repeats
such as polyglutamine (polyQ) repeat diseases, e.g., Hunting-
ton’s disease (HD), spinocerebellar ataxia (SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17), spinal and bulbar muscu-
lar atrophy (SBMA), dentatorubropallidoluysian atrophy
(DRPLA). An example of a disabling neurological disorder
that does not appear to result in atrophy is DYT1 dystonia.
The gene of interest may encode a ligand for a chemokine
involved in the migration of a cancer cell, or a chemokine
receptor.

The present invention further provides a method of sub-
stantially silencing a target gene of interest or targeted allele
for the gene of interest in order to provide a therapeutic effect.
Asused herein the term “substantially silencing” or “substan-
tially silenced” refers to decreasing, reducing, or inhibiting
the expression of the target gene or target allele by at least
about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85% to 100%. As
used herein the term “therapeutic effect” refers to a change in
the associated abnormalities of the disease state, including
pathological and behavioral deficits; a change in the time to
progression of the disease state; a reduction, lessening, or
alteration of a symptom of the disease; or an improvement in
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the quality of life of the person afflicted with the disease.
Therapeutic effect can be measured quantitatively by a phy-
sician or qualitatively by a patient afflicted with the disease
state targeted by the siRNA. In certain embodiments wherein
both the mutant and wild type allele are substantially
silenced, the term therapeutic effect defines a condition in
which silencing of the wild type allele’s expression does not
have a deleterious or harmful effect on normal functions such
that the patient would not have a therapeutic effect.

In one embodiment, the present invention further provides
a method of performing allele-specific gene silencing in a
mammal by administering to the mammal an isolated first
strand of RNA of 15 to 30 nucleotides in length, and an
isolated second strand of RNA of 15 to 30 nucleotides in
length, wherein the first strand contains for example at least
15 contiguous nucleotides complementary to a targeted gene
of interest, wherein for example at least 12 nucleotides of the
first and second strands are complementary to each other and
form a small interfering RNA (siRNA) duplex for example
under physiological conditions, and wherein the siRNA
silences only one allele of the targeted gene in the mammal.
The alleles of the gene may differ by seven or fewer base
pairs, such as by only one base pair. In one example, the gene
is a beta-glucuronidase gene. The alleles may be murine-
specific and human-specific alleles of beta-glucuronidase.
Examples of gene transcripts include an RNA transcript
complementary to TorsinA, Ataxin-3, huntingtin or Tau. The
targeted gene may be a gene associated with a condition
amenable to siRNA therapy. For example, the condition ame-
nable to siRNA therapy could be a disabling neurological
disorder.

“Neurological disease” and “neurological disorder” refer
to both hereditary and sporadic conditions that are character-
ized by nervous system dystfunction, and which may be asso-
ciated with atrophy of the affected central or peripheral ner-
vous system structures, or loss of function without atrophy. A
neurological disease or disorder that results in atrophy is
commonly called a “neurodegenerative disease” or “neuro-
degenerative disorder.” Neurodegenerative diseases and dis-
orders include, but are not limited to, amyotrophic lateral
sclerosis (ALS), hereditary spastic hemiplegia, primary lat-
eral sclerosis, spinal muscular atrophy, Kennedy’s disease,
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
and repeat expansion neurodegenerative diseases, e.g., dis-
eases associated with expansions of trinucleotide repeats
such as polyglutamine (polyQ) repeat diseases, e.g., Hunting-
ton’s disease (HD), spinocerebellar ataxia (SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17), spinal and bulbar muscu-
lar atrophy (SBMA), dentatorubropallidoluysian atrophy
(DRPLA). An example of a disabling neurological disorder
that does not appear to result in atrophy is DYT1 dystonia.
The gene of interest may encode a ligand for a chemokine
involved in the migration of a cancer cell, or a chemokine
receptor.

In one embodiment, the present invention further provides
a method of substantially silencing both alleles (e.g., both
mutant and wild type alleles) of a target gene. In certain
embodiments, the targeting of both alleles of a gene target of
interest can confer a therapeutic effect by allowing a certain
level of continued expression of the wild-type allele while at
the same time inhibiting expression of the mutant (e.g., dis-
ease associated) allele at a level that provides a therapeutic
effect. For example, a therapeutic effect can be achieved by
conferring on the cell the ability to express siRNA as an
expression cassette, wherein the expression cassette contains
a nucleic acid encoding a small interfering RNA molecule
(siRNA) targeted against both alleles, and wherein the
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expression of the targeted alleles are silenced at a level that
inhibits, reduces, or prevents the deleterious gain of function
conferred by the mutant allele, but that still allows for
adequate expression of the wild type allele at a level that
maintains the function of the wild type allele. Examples of
such wild type and mutant alleles include without limitation
those associated with polyglutamine diseases such as Hun-
tington’s Disease.

In one embodiment, the present invention further provides
amethod of substantially silencing a target allele while allow-
ing expression of a wild-type allele by conferring on the cell
the ability to express siRNA as an expression cassette,

wherein the expression cassette contains a nucleic acid
encoding a small interfering RNA molecule (siRNA) targeted
against a target allele, wherein expression from the targeted
allele is substantially silenced but wherein expression of the
wild-type allele is not substantially silenced.

In one embodiment, the present invention provides a
method of treating a dominantly inherited disease in an allele-
specific manner by administering to a patient in need thereof
an expression cassette, wherein the expression cassette con-
tains a nucleic acid encoding a small interfering RNA mol-
ecule (siRNA) targeted against a target allele, wherein
expression from the target allele is substantially silenced but
wherein expression of the wild-type allele is not substantially
silenced.

In one embodiment, the present invention provides a
method of treating a dominantly inherited disease by admin-
istering to a patient in need thereof an expression cassette,
wherein the expression cassette contains a nucleic acid
encoding a small interfering RNA molecule (siRNA) targeted
against both the mutant allele and the wild type allele of the
target gene, wherein expression from the mutant allele is
substantially silenced at a level that still allows for expression
from the wild type allele to maintain its function in the
patient.

In one embodiment, the present invention also provides a
method of performing allele-specific gene silencing by
administering an expression cassette containing a pol II pro-
moter operably-linked to a nucleic acid encoding at least one
strand of a small interfering RNA molecule (siRNA) targeted
against a gene of interest, wherein the siRNA silences only
one allele of a gene.

In one embodiment, the present invention also provides a
method of performing gene silencing by administering an
expression cassette containing a pol II promoter operably-
linked to a nucleic acid encoding at least one strand of a small
interfering RNA molecule (siRNA) targeted against a gene of
interest, wherein the siRNA silences one or both alleles of the
gene.

In one embodiment, the present invention provides a
method of performing allele-specific gene silencing in a
mammal by administering to the mammal a vector containing
an expression cassette, wherein the expression cassette con-
tains a nucleic acid encoding at least one strand of a small
interfering RNA molecule (siRNA) targeted against a gene of
interest, wherein the siRNA silences only one allele of a gene.

In one embodiment, the present invention provides a
method of performing gene silencing in a mammal by admin-
istering to the mammal a vector containing an expression
cassette, wherein the expression cassette contains a nucleic
acid encoding at least one strand of a small interfering RNA
molecule (siRNA) targeted against a gene of interest, wherein
the siRNA silences one or both alleles of the gene.

In one embodiment, the present invention provides a
method of screening of allele-specific siRNA duplexes,
involving contacting a cell containing a predetermined
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mutant allele with an siRNA with a known sequence, contact-
ing a cell containing a wild-type allele with an siRNA with a
known sequence, and determining if the mutant allele is sub-
stantially silenced while the wild-type allele retains substan-
tially normal activity.

In one embodiment, the present invention provides a
method of screening of specific siRNA duplexes, involving
contacting a cell containing both a predetermined mutant
allele and a predetermined wild-type allele with an siRNA
with a known sequence, and determining if the mutant allele
is substantially silenced at a level that allows the wild-type
allele to retain substantially normal activity.

In one embodiment, the present invention also provides a
method of screening of allele-specific siRNA duplexes
involving contacting a cell containing a predetermined
mutant allele and a wild-type allele with an siRNA with a
known sequence, and determining if the mutant allele is sub-
stantially silenced while the wild-type allele retains substan-
tially normal activity.

In one embodiment, the present invention also provides a
method for determining the function of an allele by contact-
ing a cell containing a predetermined allele with an siRNA
with a known sequence, and determining if the function of the
allele is substantially modified.

In one embodiment, the present invention further provides
amethod for determining the function of an allele by contact-
ing a cell containing a predetermined mutant allele and a
wild-type allele with an siRNA with a known sequence, and
determining if the function of'the allele is substantially modi-
fied while the wild-type allele retains substantially normal
function.

In one embodiment, the invention features a method for
treating or preventing Huntington’s Disease in a subject or
organism comprising contacting the subject or organism with
a siRNA of the invention under conditions suitable to modu-
late the expression of the HD gene in the subject or organism
whereby the treatment or prevention of Huntington’s Disease
can be achieved. In one embodiment, the HD gene target
comprises a mutant HD allele (e.g., an allele comprising a
trinucleotide (CAG) repeat expansion). In one embodiment,
the HD gene target comprises both HD allele (e.g., an allele
comprising a trinucleotide (CAG) repeat expansion and a
wild type allele). The siRNA molecule of the invention can be
expressed from vectors as described herein or otherwise
known in the art to target appropriate tissues or cells in the
subject or organism.

In one embodiment, the invention features a method for
treating or preventing Huntington’s Disease in a subject or
organism comprising, contacting the subject or organism
with a siRNA molecule of the invention via local administra-
tion to relevant tissues or cells, such as brain cells and tissues
(e.g., basal ganglia, striatum, or cortex), for example, by
administration of vectors or expression cassettes of the inven-
tion that provide siRNA molecules of the invention to relevant
cells (e.g., basal ganglia, striatum, or cortex). In one embodi-
ment, the siRNA, vector, or expression cassette is adminis-
tered to the subject or organism by stereotactic or convection
enhanced delivery to the brain. For example, U.S. Pat. No.
5,720,720 provides methods and devices useful for stereotac-
tic and convection enhanced delivery of reagents to the brain.
Such methods and devices can be readily used for the delivery
of'siRNAs, vectors, or expression cassettes of the invention to
a subject or organism, and is incorporated by reference herein
in its entirety. US Patent Application Nos. 2002/0141980;
2002/0114780; and 2002/0187127 all provide methods and
devices useful for stereotactic and convection enhanced
delivery of reagents that can be readily adapted for delivery of
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siRNAs, vectors, or expression cassettes of the invention to a
subject or organism, and are incorporated by reference herein
in their entirety. Particular devices that may be useful in
delivering siRNAs, vectors, or expression cassettes of the
invention to a subject or organism are for example described
in US Patent Application No. 2004/0162255, which is incor-
porated by reference herein in its entirety. The siRNA mol-
ecule of the invention can be expressed from vectors as
described herein or otherwise known in the art to target appro-
priate tissues or cells in the subject or organism.

In one embodiment, a viral vector of the invention is an
AAV vector. An “AAV” vector refers to an adeno-associated
virus, and may be used to refer to the naturally occurring
wild-type virus itself or derivatives thereof. The term covers
all subtypes, serotypes and pseudotypes, and both naturally
occurring and recombinant forms, except where required oth-
erwise. As used herein, the term “serotype” refers to an AAV
which is identified by and distinguished from other AAV's
based on capsid protein reactivity with defined antisera, e.g.,
there are eight known serotypes of primate AAVs, AAV-1 to
AAV-8. For example, serotype AAV-2 is used to refer to an
AAV which contains capsid proteins encoded from the cap
gene of AAV-2 and a genome containing 5' and 3' ITR
sequences from the same AAV-2 serotype. Pseudotyped AAV
refers to an AAV that contains capsid proteins from one
serotype and a viral genome including 5'-3' ITRs of a second
serotype. Pseudotyped rAAV would be expected to have cell
surface binding properties of the capsid serotype and genetic
properties consistent with the ITR serotype. Pseudotyped
rAAV are produced using standard techniques described in
the art. As used herein, for example, rAAV 1 may be used to
refer an AAV having both capsid proteins and 5'-3' ITRs from
the same serotype or it may refer to an AAV having capsid
proteins from serotype 1 and 5'-3' ITRs from a different AAV
serotype, e.g., AAV serotype 2. For each example illustrated
herein the description of the vector design and production
describes the serotype of the capsid and 5'-3' ITR sequences.
The abbreviation “rAAV” refers to recombinant adeno-asso-
ciated virus, also referred to as a recombinant AAV vector (or
“rAAV vector”).

An “AAV virus” or “AAV viral particle” refers to a viral
particle composed of at least one AAV capsid protein (pref-
erably by all of the capsid proteins of a wild-type AAV) and an
encapsidated polynucleotide. If the particle comprises heter-
ologous polynucleotide (i.e., a polynucleotide other than a
wild-type AAV genome such as a transgene to be delivered to
a mammalian cell), it is typically referred to as “rAAV”.

In one embodiment, the AAV expression vectors are con-
structed using known techniques to at least provide as opera-
tively linked components in the direction of transcription,
control elements including a transcriptional initiation region,
the DNA of interest and a transcriptional termination region.
The control elements are selected to be functional in a mam-
malian cell. The resulting construct which contains the opera-
tively linked components is flanked (5' and 3") with functional
AAV ITR sequences.

By “adeno-associated virus inverted terminal repeats” or
“AAV ITRs” is meant the art-recognized regions found at
each end of the AAV genome which function together in cis as
origins of DNA replication and as packaging signals for the
virus. AAV ITRs, together with the AAV rep coding region,
provide for the efficient excision and rescue from, and inte-
gration of a nucleotide sequence interposed between two
flanking I'TRs into a mammalian cell genome.

The nucleotide sequences of AAV ITR regions are known.
See for example Kotin, R. M. (1994) Human Gene Therapy
5:793-801; Berns, K. 1. “Parvoviridae and their Replication”
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in Fundamental Virology, 2nd Edition, (B. N. Fields and D.
M. Knipe, eds.). As used herein, an “AAV ITR” need not have
the wild-type nucleotide sequence depicted, but may be
altered, e.g., by the insertion, deletion or substitution of
nucleotides. Additionally, the AAV ITR may be derived from
any of several AAV serotypes, including without limitation,
AAV-1, AAV-2, AAV-3, AAV-4, AAV-5, AAVX7, etc. Fur-
thermore, 5' and 3' ITRs which flank a selected nucleotide
sequence in an AAV vector need not necessarily be identical
or derived from the same AAV serotype or isolate, so long as
they function as intended, i.e., to allow for excision and rescue
of'the sequence of interest from a host cell genome or vector,
and to allow integration of the heterologous sequence into the
recipient cell genome when AAV Rep gene products are
present in the cell.

In one embodiment, AAV ITRs can be derived from any of
several AAV serotypes, including without limitation, AAV-1,
AAV-2, AAV-3, AAV-4, AAV-5, AAVXT7, etc. Furthermore, 5'
and 3' ITRs which flank a selected nucleotide sequence in an
AAV expression vector need not necessarily be identical or
derived from the same AAV serotype or isolate, so long as
they function as intended, i.e., to allow for excision and rescue
of'the sequence of interest from a host cell genome or vector,
and to allow integration of the DNA molecule into the recipi-
ent cell genome when AAV Rep gene products are present in
the cell.

In one embodiment, AAV capsids can be derived from any
of'several AAV serotypes, including without limitation, AAV-
1, AAV-2, AAV-3, AAV-4, AAV-5, AAV6, or AAVS, and the
AAV ITRS are derived form AAV serotype 2. Suitable DNA
molecules for use in AAV vectors will be less than about 5
kilobases (kb),less than about 4.5 kb, less than about 4 kb, less
than about 3.5 kb, less than about 3 kb, less than about 2.5 kb
in size and are known in the art Dong, J.-Y. et al. (Nov. 10,
1996). “Quantitative Analysis of the Packaging Capacity of
Recombinant Adeno-Associated Virus,” Human Gene Ther.
7(17):2101-2112 and U.S. Pat. No. 6,596,535 herein incor-
porated in its entirety. In some embodiments of the invention
the DNA molecules for use in the AAV vectors will contain
multiple copies of the identical siRNA sequence. As used
herein the term multiple copies of an siRNA sequences means
at least 2 copies, at least 3 copies, at least 4 copies, at least 5
copies, at least 6 copies, at least 7 copies, at least 8 copies, at
least 9 copies, and at least 10 copies. In some embodiments
the DNA molecules for use in the AAV vectors will contain
multiple siRNA sequences. As used herein the term
multiple=Si RNA sequences means at least 2 siRNA
sequences, at least 3 siRNA sequences, at least 4 siRNA
sequences, at least 5 siRNA sequences, at least 6 siRNA
sequences, at least 7 siRNA sequences, at least 8 siRNA
sequences, at least 9 siRNA sequences, and at least 10 siRNA
sequences. In some embodiments suitable DNA vectors of
the invention will contain a sequence encoding the siRNA
molecule of the invention and a stuffer fragment. Suitable
stuffer fragments of the invention include sequences known
in the art including without limitation sequences which do not
encode an expressed protein molecule; sequences which
encode a normal cellular protein which would not have del-
eterious effect on the cell types in which it was expressed; and
sequences which would not themselves encode a functional
siRNA duplex molecule.

In one embodiment, suitable DNA molecules for use in
AAV vectors will be less than about 5 kilobases (kb) in size
and will include, for example, a stuffer sequence and a
sequence encoding a siRNA molecule of the invention. For
example, in order to prevent any packaging of AAV genomic
sequences containing the rep and cap genes, a plasmid con-
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taining the rep and cap DNA fragment may be modified by the
inclusion of a stuffer fragment as is known in the art into the
AAV genome which causes the DNA to exceed the length for
optimal packaging. Thus, the helper fragment is not packaged
into AAV virions. This is a safety feature, ensuring that only
a recombinant AAV vector genome that does not exceed
optimal packaging size is packaged into virions. An AAV
helper fragment that incorporates a stuffer sequence can
exceed the wild-type genome length of 4.6 kb, and lengths
above 105% of the wild-type will generally not be packaged.
The stuffer fragment can be derived from, for example, such
non-viral sources as the Lac-Z or beta-galactosidase gene.

In one embodiment, the selected nucleotide sequence is
operably linked to control elements that direct the transcrip-
tion or expression thereof in the subject in vivo. Such control
elements can comprise control sequences normally associ-
ated with the selected gene. Alternatively, heterologous con-
trol sequences can be employed. Useful heterologous control
sequences generally include those derived from sequences
encoding mammalian or viral genes. Examples include, but
are not limited to, the SV40 early promoter, mouse mammary
tumor virus LTR promoter; adenovirus major late promoter
(Ad MLP); a herpes simplex virus (HSV) promoter, a
cytomegalovirus (CMV) promoter such as the CMV imme-
diate early promoter region (CMVIE), a rous sarcoma virus
(RSV) promoter, pol II promoters, pol III promoters, syn-
thetic promoters, hybrid promoters, and the like. In addition,
sequences derived from nonviral genes, such as the murine
metallothionein gene, will also find use herein. Such pro-
moter sequences are commercially available from, e.g., Strat-
agene (San Diego, Calif.).

In one embodiment, both heterologous promoters and
other control elements, such as CNS-specific and inducible
promoters, enhancers and the like, will be of particular use.
Examples of heterologous promoters include the CMB pro-
moter. Examples of CNS-specific promoters include those
isolated from the genes from myelin basic protein (MBP),
glial fibrillary acid protein (GFAP), and neuron specific eno-
lase (NSE). Examples of inducible promoters include DNA
responsive elements for ecdysone, tetracycline, hypoxia and
aufin.

In one embodiment, the AAV expression vector which
harbors the DNA molecule of interest bounded by AAV
ITRs, can be constructed by directly inserting the selected
sequence(s) into an AAV genome which has had the major
AAV open reading frames (“ORFs”) excised therefrom.
Other portions of the AAV genome can also be deleted, so
long as a sufficient portion of the ITRs remain to allow for
replication and packaging functions. Such constructs can be
designed using techniques well known in the art. See, e.g.,
U.S. Pat. Nos. 5,173,414 and 5,139,941, International Publi-
cation Nos. WO 92/01070 (published Jan. 23, 1992) and WO
93/03769 (published Mar. 4 1993); Lebkowski et al. (1988)
Molec. Cell. Biol. 8:3988-3996; Vincent et al. (1990) Vac-
cines 90 (Cold Spring Harbor Laboratory Press); Carter, B. J.
(1992) Current Opinion in Biotechnology 3:533-539; Muzy-
czka, N. (1992) Current Topics in Microbiol. and Immunol.
158:97-129; Kotin, R. M. (1994) Human Gene Therapy
5:793-801; Shelling and Smith (1994) Gene Therapy 1:165-
169; and Zhou et al (1994) J. Exp. Med. 179:1867-1875.

Alternatively, AAV ITRs can be excised from the viral
genome or from an AAV vector containing the same and fused
5'and 3' of a selected nucleic acid construct that is present in
another vector using standard ligation techniques, such as
those described in Sambrook et al., supra. For example, liga-
tions can be accomplished in 20 mM Tris-Cl pH 7.5, 10 mM
MgCl,, 10 mM DTT, 33 ug/ml BSA, 10 mM-50 mM NaCl,
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and either 40 uM ATP, 0.01-0.02 (Weiss) units T4 DNA ligase
at 0° C. (for “sticky end” ligation) or 1 mM ATP, 0.3-0.6
(Weiss) units T4 DNA ligase at 14° C. (for “blunt end” liga-
tion). Intermolecular “sticky end” ligations are usually per-
formed at 30-100 pg/ml total DNA concentrations (5-100 nM
total end concentration). AAV vectors which contain ITRs
have been described in, e.g., U.S. Pat. No. 5,139,941. In
particular, several AAV vectors are described therein which
are available from the American Type Culture Collection
(“ATCC”) under Accession Numbers 53222, 53223, 53224,
53225 and 53226.

Additionally, chimeric genes can be produced syntheti-
cally to include AAV ITR sequences arranged 5' and 3' of one
ormore selected nucleic acid sequences. Preferred codons for
expression of the chimeric gene sequence in mammalian
CNS cells can be used. The complete chimeric sequence is
assembled from overlapping oligonucleotides prepared by
standard methods. See, e.g., Edge, Nature (1981) 292:756;
Nambair et al. Science (1984) 223:1299; Jay et al. J. Biol.
Chem. (1984) 259:6311.

In order to produce rAAV virions, an AAV expression
vector is introduced into a suitable host cell using known
techniques, such as by transfection. A number of transfection
techniques are generally known in the art. See, e.g., Graham
et al. (1973) Virology, 52:456, Sambrook et al. (1989)
Molecular Cloning, a laboratory manual, Cold Spring Harbor
Laboratories, New York, Davis et al. (1986) Basic Methods in
Molecular Biology, Elsevier, and Chu et al. (1981) Gene
13:197. Particularly suitable transfection methods include
calcium phosphate co-precipitation (Graham et al. (1973)
Virol. 52:456-467), direct micro-injection into cultured cells
(Capecchi, M. R. (1980) Cell 22:479-488), electroporation
(Shigekawa et al. (1988) BioTechniques 6:742-751), lipo-
some mediated gene transfer (Mannino et al. (1988) BioTech-
niques 6:682-690), lipid-mediated transduction (Feigner et
al. (1987) Proc. Natl. Acad. Sci. USA 84:7413-7417), and
nucleic acid delivery using high-velocity microprojectiles
(Klein et al. (1987) Nature 327:70-73).

In one embodiment, suitable host cells for producing rAAV
virions include microorganisms, yeast cells, insect cells, and
mammalian cells, that can be, or have been, used as recipients
of a heterologous DNA molecule. The term includes the
progeny of the original cell which has been transfected. Thus,
a “host cell” as used herein generally refers to a cell which has
been transfected with an exogenous DNA sequence. Cells
from the stable human cell line, 293 (readily available
through, e.g., the American Type Culture Collection under
Accession Number ATCC CRL1573) can be used in the prac-
tice of the present invention. Particularly, the human cell line
293 is a human embryonic kidney cell line that has been
transformed with adenovirus type-5 DNA fragments (Gra-
ham et al. (1977) J. Gen. Virol. 36:59), and expresses the
adenoviral Ela and E1b genes (Aiello et al. (1979) Virology
94:460). The 293 cell line is readily transtected, and provides
aparticularly convenient platform in which to produce rAAV
virions.

In one embodiment, host cells containing the above-de-
scribed AAV expression vectors are rendered capable of pro-
viding AAV helper functions in order to replicate and encapsi-
date the nucleotide sequences flanked by the AAV ITRs to
produce rAAV virions. AAV helper functions are generally
AAV-derived coding sequences which can be expressed to
provide AAV gene products that, in turn, function in trans for
productive AAV replication. AAV helper functions are used
herein to complement necessary AAV functions that are miss-
ing from the AAV expression vectors. Thus, AAV helper
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functions include one, or both of the major AAV ORFs,
namely the rep and cap coding regions, or functional homo-
logues thereof.

The Rep expression products have been shown to possess
many functions, including, among others: recognition, bind-
ing and nicking of the AAV origin of DNA replication; DNA
helicase activity; and modulation of transcription from AAV
(or other heterologous) promoters. The Cap expression prod-
ucts supply necessary packaging functions. AAV helper func-
tions are used herein to complement AAV functions in trans
that are missing from AAV vectors.

The term “AAV helper construct” refers generally to a
nucleic acid molecule that includes nucleotide sequences pro-
viding AAV functions deleted from an AAV vector which is to
be used to produce a transducing vector for delivery of a
nucleotide sequence of interest. AAV helper constructs are
commonly used to provide transient expression of AAV rep
and/or cap genes to complement missing AAV functions that
are necessary for lytic AAV replication; however, helper con-
structs lack AAV ITRs and can neither replicate nor package
themselves. AAV helper constructs can be in the form of a
plasmid, phage, transposon, cosmid, virus, or virion. A num-
ber of AAV helper constructs have been described, such as the
commonly used plasmids pAAV/Ad and pIM29+45 which
encode both Rep and Cap expression products. See, e.g.,
Samulski etal. (1989) J. Virol. 63:3822-3828; and McCarty et
al. (1991) J. Virol. 65:2936-2945. A number of other vectors
have been described which encode Rep and/or Cap expres-
sion products. See, e.g., U.S. Pat. No. 5,139,941.

By “AAV rep coding region” is meant the art-recognized
region of the AAV genome which encodes the replication
proteins Rep 78, Rep 68, Rep 52 and Rep 40. These Rep
expression products have been shown to possess many func-
tions, including recognition, binding and nicking of the AAV
origin of DNA replication, DNA helicase activity and modu-
lation of transcription from AAV (or other heterologous) pro-
moters. The Rep expression products are collectively
required for replicating the AAV genome. For a description of
the AAV rep coding region, see, e.g., Muzyczka, N. (1992)
Current Topics in Microbiol. and Immunol. 158:97-129; and
Kotin, R. M. (1994) Human Gene Therapy 5:793-801. Suit-
able homologues of the AAV rep coding region include the
human herpesvirus 6 (HHV-6) rep gene which is also known
to mediate AAV-2 DNA replication (Thomson et al. (1994)
Virology 204:304-311).

By “AAV cap coding region” is meant the art-recognized
region of the AAV genome which encodes the capsid proteins
VP1,VP2, and VP3, or functional homologues thereof. These
Cap expression products supply the packaging functions
which are collectively required for packaging the viral
genome. For a description of the AAV cap coding region, see,
e.g., Muzyczka, N. and Kotin, R. M. (supra).

In one embodiment, AAV helper functions are introduced
into the host cell by transfecting the host cell with an AAV
helper construct either prior to, or concurrently with, the
transfection of the AAV expression vector. AAV helper con-
structs are thus used to provide at least transient expression of
AAV rep and/or cap genes to complement missing AAV func-
tions that are necessary for productive AAV infection. AAV
helper constructs lack AAV I'TRs and can neither replicate nor
package themselves. These constructs can be in the form of a
plasmid, phage, transposon, cosmid, virus, or virion. A num-
ber of AAV helper constructs have been described, such as the
commonly used plasmids pAAV/Ad and pIM29+45 which
encode both Rep and Cap expression products. See, e.g.,
Samulski etal. (1989) J. Virol. 63:3822-3828; and McCarty et
al. (1991) J. Virol. 65:2936-2945. A number of other vectors
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have been described which encode Rep and/or Cap expres-
sion products. See, e.g., U.S. Pat. No. 5,139,941.

In one embodiment, both AAV expression vectors and
AAV helper constructs can be constructed to contain one or
more optional selectable markers. Suitable markers include
genes which confer antibiotic resistance or sensitivity to,
impart color to, or change the antigenic characteristics of
those cells which have been transfected with a nucleic acid
construct containing the selectable marker when the cells are
grown in an appropriate selective medium. Several selectable
marker genes that are useful in the practice of the invention
include the hygromycin B resistance gene (encoding Ami-
noglycoside phosphotranferase (APH)) that allows selection
in mammalian cells by conferring resistance to G418 (avail-
able from Sigma, St. Louis, Mo.). Other suitable markers are
known to those of skill in the art.

In one embodiment, the host cell (or packaging cell) is
rendered capable of providing non AAV derived functions, or
“accessory functions,” in order to produce rAAV virions.
Accessory functions are non AAV derived viral and/or cellu-
lar functions upon which AAV is dependent for its replication.
Thus, accessory functions include at least those non AAV
proteins and RNAs that are required in AAV replication,
including those involved in activation of AAV gene transcrip-
tion, stage specific AAV mRNA splicing, AAV DNA replica-
tion, synthesis of Cap expression products and AAV capsid
assembly. Viral-based accessory functions can be derived
from any of the known helper viruses.

In one embodiment, accessory functions can be introduced
into and then expressed in host cells using methods known to
those of skill in the art. Commonly, accessory functions are
provided by infection of the host cells with an unrelated
helper virus. A number of suitable helper viruses are known,
including adenoviruses; herpesviruses such as herpes sim-
plex virus types 1 and 2; and vaccinia viruses. Nonviral acces-
sory functions will also find use herein, such as those pro-
vided by cell synchronization using any of various known
agents. See, e.g., Buller et al. (1981) J. Virol. 40:241-247;
McPherson et al. (1985) Virology 147:217-222; Schlehofer et
al. (1986) Virology 152:110-117.

In one embodiment, accessory functions are provided
using an accessory function vector. Accessory function vec-
tors include nucleotide sequences that provide one or more
accessory functions. An accessory function vector is capable
of’being introduced into a suitable host cell in order to support
efficient AAV virion production in the host cell. Accessory
function vectors can be in the form of a plasmid, phage,
transposon or cosmid. Accessory vectors can also be in the
form of one or more linearized DNA or RNA fragments
which, when associated with the appropriate control elements
and enzymes, can be transcribed or expressed in a host cell to
provide accessory functions. See, for example, International
Publication No. WO 97/17548, published May 15, 1997.

In one embodiment, nucleic acid sequences providing the
accessory functions can be obtained from natural sources,
such as from the genome of an adenovirus particle, or con-
structed using recombinant or synthetic methods known in
the art. In this regard, adenovirus-derived accessory functions
have been widely studied, and a number of adenovirus genes
involved in accessory functions have been identified and par-
tially characterized. See, e.g., Carter, B. I. (1990) “Adeno-
Associated Virus Helper Functions,” in CRC Handbook of
Parvoviruses, vol. I (P. Tijssen, ed.), and Muzyczka, N. (1992)
Curr. Topics. Microbiol. and Immun. 158:97-129. Specifi-
cally, early adenoviral gene regions Ela, E2a, E4, VAI RNA
and, possibly, E1b are thought to participate in the accessory
process. Janik et al. (1981) Proc. Natl. Acad. Sci. USA
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78:1925-1929. Herpesvirus-derived accessory functions
have been described. See, e.g., Young et al., (1979) Prog.
Med. Virol. 25:113. Vaccinia virus-derived accessory func-
tions have also been described. See, e.g., Carter, B. J. (1990),
supra., Schlehofer et al. (1986) Virology 152:110-117.

In one embodiment, as a consequence of the infection of
the host cell with a helper virus, or transfection of the host cell
with an accessory function vector, accessory functions are
expressed which transactivate the AAV helper construct to
produce AAV Rep and/or Cap proteins. The Rep expression
products excise the recombinant DNA (including the DNA of
interest) from the AAV expression vector. The Rep proteins
also serve to duplicate the AAV genome. The expressed Cap
proteins assemble into capsids, and the recombinant AAV
genome is packaged into the capsids. Thus, productive AAV
replication ensues, and the DNA is packaged into rAAV viri-
ons.

In one embodiment, following recombinant AAV replica-
tion, rAAV virions can be purified from the host cell using a
variety of conventional purification methods, such as CsCl
gradients. Further, if infection is employed to express the
accessory functions, residual helper virus can be inactivated,
using known methods. For example, adenovirus can be inac-
tivated by heating to temperatures of approximately
60.degrees C. for, e.g., 20 minutes or more. This treatment
effectively inactivates only the helper virus since AAV is
extremely heat stable while the helper adenovirus is heat
labile. The resulting rAAV virions are then ready for use for
DNA delivery to the CNS (e.g., cranial cavity) of the subject.

Methods of delivery of viral vectors include, but are not
limited to, intra-arterial, intra-muscular, intravenous, intrana-
sal and oral routes. Generally, rAAV virions may be intro-
duced into cells of the CNS using either in vivo or in vitro
transduction techniques. If transduced in vitro, the desired
recipient cell will be removed from the subject, transduced
with rAAV virions and reintroduced into the subject. Alter-
natively, syngeneic or xenogeneic cells can be used where
those cells will not generate an inappropriate immune
response in the subject.

Suitable methods for the delivery and introduction of trans-
duced cells into a subject have been described. For example,
cells can be transduced in vitro by combining recombinant
AAV virions with CNS cells e.g., in appropriate media, and
screening for those cells harboring the DNA of interest can be
screened using conventional techniques such as Southern
blots and/or PCR, or by using selectable markers. Transduced
cells can then be formulated into pharmaceutical composi-
tions, described more fully below, and the composition intro-
duced into the subject by various techniques, such as by
grafting, intramuscular, intravenous, subcutaneous and intra-
peritoneal injection.

In one embodiment, for in vivo delivery, the rAAV virions
are formulated into pharmaceutical compositions and will
generally be administered parenterally, e.g., by intramuscular
injection directly into skeletal or cardiac muscle or by injec-
tion into the CNS. In one embodiment, viral vectors of the
invention are delivered to the CNS via convection-enhanced
delivery (CED) systems that can efficiently deliver viral vec-
tors, e.g., AAV, over large regions of a subject’s brain (e.g.,
striatum and/or cortex). As described in detail and exempli-
fied below, these methods are suitable for a variety of viral
vectors, for instance AAV vectors carrying therapeutic genes
(e.g., siRNAs).

Any convection-enhanced delivery device may be appro-
priate for delivery of viral vectors. In one embodiment, the
device is an osmotic pump or an infusion pump. Both osmotic
and infusion pumps are commercially available from a vari-
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ety of suppliers, for example Alzet Corporation, Hamilton
Corporation, Aiza, Inc., Palo Alto, Calif.). Typically, a viral
vector is delivered via CED devices as follows. A catheter,
cannula or other injection device is inserted into CNS tissue in
the chosen subject. In view of the teachings herein, one of
skill in the art could readily determine which general area of
the CNS is an appropriate target. For example, when deliver-
ing AAV vector encoding a therapeutic gene to treat PD, the
striatum is a suitable area of the brain to target. Stereotactic
maps and positioning devices are available, for example from
ASI Instruments, Warren, Mich. Positioning may also be
conducted by using anatomical maps obtained by CT and/or
MRI imaging of the subject’s brain to help guide the injection
device to the chosen target. Moreover, because the methods
described herein can be practiced such that relatively large
areas of the brain take up the viral vectors, fewer infusion
cannula are needed. Since surgical complications are related
to the number of penetrations, the methods described herein
also serve to reduce the side effects seen with conventional
delivery techniques.

In one embodiment, pharmaceutical compositions will
comprise sufficient genetic material to produce a therapeuti-
cally effective amount of the siRNA of interest, i.e., an
amount sufficient to reduce or ameliorate symptoms of the
disease state in question or an amount sufficient to confer the
desired benefit. The pharmaceutical compositions will also
contain a pharmaceutically acceptable excipient. Such
excipients include any pharmaceutical agent that does not
itself induce the production of antibodies harmful to the indi-
vidual receiving the composition, and which may be admin-
istered without undue toxicity. Pharmaceutically acceptable
excipients include, but are not limited to, sorbitol, Tween80,
and liquids such as water, saline, glycerol and ethanol. Phar-
maceutically acceptable salts can be included therein, for
example, mineral acid salts such as hydrochlorides, hydro-
bromides, phosphates, sulfates, and the like; and the salts of
organic acids such as acetates, propionates, malonates, ben-
zoates, and the like. Additionally, auxiliary substances, such
as wetting or emulsifying agents, pH buffering substances,
and the like, may be present in such vehicles. A thorough
discussion of pharmaceutically acceptable excipients is avail-
able in REMINGTON'S PHARMACEUTICAL SCIENCES
(Mack Pub. Co., N.J. 1991).

As is apparent to those skilled in the art in view of the
teachings of this specification, an effective amount of viral
vector which must be added can be empirically determined.
Administration can be effected in one dose, continuously or
intermittently throughout the course of treatment. Methods of
determining the most effective means and dosages of admin-
istration are well known to those of skill in the art and will
vary with the viral vector, the composition of the therapy, the
target cells, and the subject being treated. Single and multiple
administrations can be carried out with the dose level and
pattern being selected by the treating physician.

It should be understood that more than one transgene could
be expressed by the delivered viral vector. Alternatively, sepa-
rate vectors, each expressing one or more different trans-
genes, can also be delivered to the CNS as described herein.
Furthermore, it is also intended that the viral vectors delivered
by the methods of the present invention be combined with
other suitable compositions and therapies.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1. siRNA expressed from CMV promoter constructs
and in vitro effects. (A) A cartoon of the expression plasmid
used for expression of functional siRNA in cells. The CMV
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promoter was modified to allow close juxtaposition of the
hairpin to the transcription initiation site, and a minimal poly-
adenylation signal containing cassette was constructed
immediately 3' of the MCS (mCMYV, modified CMV; mpA,
minipA). (B, C) Fluorescence photomicrographs of HEK293
cells 72 h after transfection of pEGFPN1 and pCMVf3gal
(control), or pEGFPN1 and pmCMVsiGFPmpA, respec-
tively. (D) Northern blot evaluation of transcripts harvested
from pmCMVsiGFPmpA (lanes 3, 4) and pmCMVsif-
galmpA (lane 2) transfected HEK293 cells. Blots were
probed with *2P-labeled sense oligonucleotides. Antisense
probes yielded similar results (not shown). Lane 1, **P-la-
beled RNA markers. AdsiGFP infected cells also possessed
appropriately sized transcripts (not shown). (E) Northern blot
for evaluation of target mRNA reduction by siRNA (upper
panel). The internal control GAPDH is shown in the lower
panel. HEK293 cells were transfected with pEGFPN1 and
pmCMVsiGFPmpA, expressing siGFP, or plasmids express-
ing the control siRNA as indicated. pCMVeGFPx, which
expresses siGFPx, contains a large poly(A) cassette from
SV40 large T and an unmodified CMV promoter, in contrast
to pmCMVsiGFPmpA shown in (A). (F) Western blot with
anti-GFP antibodies of cell lysates harvested 72 h after trans-
fection with pEGFPN1 and pCMVsiGFPmpA, or pEGFPN1
and pmCMVsiffglucmpA. (G, H) Fluorescence photomicro-
graphs of HEK293 cells 72 h after transfection of pEGFPN1
and pCMVsiGFPx, or pEGFPN1 and pmCMVsifpglucmpA,
respectively. (I, J) siRNA reduces expression from endog-
enous alleles. Recombinant adenoviruses were generated
from pmCMVsifgluempA and pmCMVsiGFPmpA and
purified. HeLa cells were infected with 25 infectious viruses/
cell (MOI=25) or mock-infected (control) and cell lysates
harvested 72 h later. (I) Northern blot for f-glucuronidase
mRNA levels in Adsifgluc and AdsiGFP transduced cells.
GAPDH was used as an internal control for loading. (J) The
concentration of p-glucuronidase activity in lysates quanti-
fied by a fluorometric assay. (Stein1999).

FIG. 2. Viral vectors expressing siRNA reduce expression
from transgenic and endogenous alleles in vivo. Recombinant
adenovirus vectors were prepared from the siGFP and sifgluc
shuttle plasmids described in FIG. 1. (A) Fluorescence
microscopy reveals diminution of eGFP expression in vivo. In
addition to the siRNA sequences in the E1 region of adenovi-
rus, RFP expression cassettes in E3 facilitate localization of
gene transfer. Representative photomicrographs of eGFP
(left), RFP (middle), and merged images (right) of coronal
sections from mice injected with adenoviruses expressing
siGFP (top panels) or sifgluc (bottom panels) demonstrate
siRNA specificity in eGFP transgenic mice striata after direct
brain injection. (B) Full coronal brain sections (1 mm) har-
vested from AdsiGFP or Adsifgluc injected mice were split
into hemisections and both ipsilateral (il) and contralateral
(cl) portions evaluated by western blot using antibodies to
GFP. Actin was used as an internal control for each sample.
(C) Tail vein injection of recombinant adenoviruses express-
ing sifigluc directed against mouse p-glucuronidase (Ad-
siMufgluc) reduces endogenous f-glucuronidase RNA as
determined by Northern blot in contrast to control-treated
(Adsipgal) mice.

FIG. 3. siGFP gene transfer reduces Q19-eGFP expression
in cell lines. PC12 cells expressing the polyglutamine repeat
Q19 fused to eGFP (eGFP-Q19) under tetracycline repres-
sion (A, bottom left) were washed and dox-free media added
to allow eGFP-Q19 expression (A, top left). Adenoviruses
were applied at the indicated multiplicity of infection (MOI)
3 days after dox removal. (A) eGFP fluorescence 3 days after
adenovirus-mediated gene transfer of Adsifigluc (top panels)
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or AdsiGFP (bottom panels). (B, C) Western blot analysis of
cell lysates harvested 3 days after infection at the indicated
MOIs demonstrate a dose-dependent decrease in GFP-Q19
protein levels. NV, no virus. Top lanes, eGFP-Q19. Bottom
lanes, actin loading controls. (D) Quantitation of eGFP fluo-

rescence. Data represent mean total area
fluorescencesstandard deviation in 4 low power fields/well (3
wells/plate).

FIG. 4. siRNA mediated reduction of expanded poly-
glutamine protein levels and intracellular aggregates. PC12
cells expressing tet-repressible eGFP-Q80 fusion proteins
were washed to remove doxycycline and adenovirus vectors
expressing siRNA were applied 3 days later. (A-D) Repre-
sentative punctate eGFP fluorescence of aggregates in mock-
infected cells (A), or those infected with 100 MOI of Adsif-
gluc (B), AdsiGFPx (C) or Adsifigal (D). (E) Three days after
infection of dox-free eGFP-Q80 PC12 cells with AdsiGFP,
aggregate size and number are notably reduced. (F) Western
blot analysis of eGFP-Q80 aggregates (arrowhead) and
monomer (arrow) following Adsipgluc or AdsiGFP infection
at the indicated MOIs demonstrates dose dependent siGFP-
mediated reduction of GFP-Q80 protein levels. (G) Quanti-
fication of the total area of fluorescent inclusions measured in
4 independent fields/well 3 days after virus was applied at the
indicated MOlIs. The data are mean+standard deviation.

FIG. 5. (A) Allele-specific silencing of mutant huntingtin
by siRNA. PC6-3 cells were co-transfected with plasmids
expressing siRNA specific for the polymorphism encoding
the transcript for mutant huntingtin. (B) The original target
for testing hairpins with putative specificity for the 3 GAG-
repeat disease linked polymorphism, shEx58.1 and shEx58.2.
In this preliminary test, shEx58.1 is best.

FIG. 6. Silencing ataxin-1. (A) Cartoon of the ataxin-1
c¢DNA and regions tested for silencing (lines). The CAG
repeat region is indicated. The most effective hairpins iden-
tified, F10 and F11, are bolded. (B) Screening of shSCA1 s
for ataxin-1 silencing. HEK 293 cells were transfected with
shRNA- and ataxin-1-expressing plasmids (4:1 ratio), and
FLAG-tagged ataxin-1 (ataxin-1FLAG) expression was
screened by western blot two days later. Actin was used as a
loading control. ShlLacZ was included as a negative hairpin
control. Data shown are from U6-expressed shRNAs. (C)
Dose dependent decline in hSCA-1 mRNA as assessed by
Q-RTPCR. HEK 293 cells were transtected with shRNA- and
ataxin-1-expressing plasmids at the ratios indicated, and
RNA isolated 24 hrs later. RNA levels were measured by
Q-PCR as described in the methods. (D) Comparison of
mCMV- and U6-expressed shRNAs in neuronal cells. PC6-3
cells were transfected with plasmids expressing the indicated
shRNAs, and expression of ataxin assessed 2 days later by
western blot. shCAG was targeted to the CAG repeat region
and was used as a positive control for silencing (E) The loop
from miR23 improves silencing from the hU6 promoter. HEK
293 cells were transfected with plasmids expressing the indi-
cated hairpins and ataxin-1 FLLAG, and silencing evaluated 2
days later by western blot. The loop improves silencing of
shSCA1.F10 and shSCA1.F11. (F) shSCA1.F10 and
shSCA1.F11 silence mutant (Q82) ataxin-1. HEK 293 cells
were transfected with plasmids expressing the indicated hair-
pins, and a plasmid expressing human ataxin-1 with an
expanded poly(O) tract (FLAG-tagged). Silencing of the
human mutant ataxin-1 was assessed by western blot 2 days
later.

FIG. 7. AAV vectors for shRNA expression in vivo. (A)
Cartoon of AAV construct. The construct for shSCA.F11 mi
and shlLacZ expression was similar except that shSCA1.F10
mi was replaced with shSCA.F11 mi or shlLacZ sequences,



US 9,260,716 B2

23

respectively. Note that the hrGFP expression cassette is dis-
tinct from the shRNA expression cassette. (B) AAVshSCAL1
with hrGFP reporter leads to extensive transduction of cer-
ebellar Purkinje cells (Purkinje cell layer denoted by arrow-
heads). Wildtype mice were injected with AAVShSCA1.F10
mi (left panel) or injected with saline (right panel) and sacri-
ficed 3 weeks later to evaluate eGFP expression. g, granule
cell layer; m, molecular layer. Bar=100 pm. (C) shSCA1 and
shlLacZ transcripts are expressed in vivo. Wildtype mice were
injected with AAVshlLacZ or AAVshSCA1.F10 mi, and RNA
isolated from cerebella 10 days later. Northern blots were
probed with 2P-labeled oligonucleotides specific for the
antisense strand of the hairpin. L, RNA ladder; (sizes indi-
cated at left). Lanes, 2 and 3, RNA from AAVshSCA1.F10mi
and AAVshlLacZ transduced brains, respectively. The arrow-
head denotes the unprocessed transcript, the arrow the pro-
cessed siRNA. (D) Rotarod performance of wildtype (tri-
angles) and SCA1 (squares) mice treated with shRNA-
expressing AAV1s or mock infected, as indicated in the
legend. Mice were injected with virus or saline at age 7 weeks
and re-tested every two weeks (weeks 5, 11, 15, and 21 are
shown). From weeks 11-21 significant differences in perfor-
mance between AAVshSCA1 and AAVshLacZ treated SCA1
mice were noted (P<0.001). There were no significant differ-
ences between wildtype mice treated with shlLacZ (not
shown), shSCA1.F10 mi or saline. For week 5, n=10 and 11
for shSCA1 and shlLacZ treated SCA1 mice, respectively;
n=6 and 5 for shSCA1 and control treated age-matched wild-
type littermates, respectively. For weeks 7-21, n=14 and 12
for shSCA1 and shlLacZ treated SCA1 mice, respectively;
n=12 and 11 for shSCA1 and control treated age-matched
wildtype littermates, respectively; n=9 for saline injected
SCA1 mice. WT mice given shlLacZ were not significantly
different than WT mice treated with saline, shSCA1, or left
untreated (data not shown).

FIG. 8. SCA1 neuropathology is improved by shRNAs
directed to ataxin-1. (A) SCA and wildtype mice were
injected with AAVShSCA1.F10 mi or AAVshlLacZ at week 7,
and sacrificed 9 weeks later for cerebellar pathology. Calbi-
ndin immunofluorescence (IF) (middle panels) and hrGFP
expression (top panels) were evaluated. Merged images (bot-
tom panels) demonstrate that hrGFP+ molecular layers from
AAVshSCA-injected SCA1 mice have calbindin staining
similar to wildtype mice. Panels are representative of 100 or
40 sections evaluated for AAVShSCA1.F10 mi-treated SCA1
or wildtype mice, respectively, and 80 sections from
AAVshlacZ-treated mice. Bar in upper left panel=50 um and
is representative of all images. (B) The molecular layer width
in transduced (solid bars), and untransduced (open bars) lob-
ules from wildtype and SCA1 mice was measured. The data
demonstrate significant protection following shSCA1.F10 mi
therapy. **, P<0.001. Numbers below bars refer to numbers
of sections measured/group. Molecular layer widths from
wildtype mice given AAVs expressing shlLacZ or
shSCA1.F10 mi were indistinguishable and were pooled for
comparisonto SCA1 mice cerebella (designated shRNA). (C)
Photomicrographs shown in A, and FIG. 10, are from the
region boxed.

FIG. 9. Effects of shSCAL1.F10 mi and shSCA1.F11 mi
on ataxin-1 expression in mice cerebella. SCA1 transgenic or
wildtype mice were injected with the indicated shRNA-ex-
pressing AAVs, and cerebella harvested 1 week later and
processed for hrGFP fluorescence, and ataxin-1 IF. The top
panels are from untreated SCA1 mice. The arrowheads in the
middle and merged panels depict pairs of Purkinje cells, one
transduced (hrGFP+), and one untransduced (hrGFP-), high-
lighting the extent of reduction in transgenic ataxin-1(Q82)
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expression from mice injected with AAVshSCA1F.10mi and
AAVShSCA1.F11mi, but not AAVshlLacZ. Mouse ataxin-1
IF is weak, but notable, in wildtype mice (lower middle
panel), and its expression is not reduced following
shSCA1.F11 mi-treatment. Bar=25 pm and refers to all pan-
els.

FIG. 10. RNAI reduces intranuclear inclusions in trans-
duced cells. (A) Inclusions in transduced (hrGFP+) vs.
untransduced cells. Brains from SCA1 and wildtype mice
were harvested 9 weeks after gene transfer (16 weeks of age)
and processed to evaluate hrGFP fluorescence and ataxin-1
IF. Bar=25 um and is representative of all images. (B) Higher
magnification of merged hrGFP and ataxin-1 positive cells.
There are punctate ataxin-1 inclusions and robust nuclear
staining in untransduced (Un) or AAVshlLacZ transduced
SCA1 Purkinje cells (top and bottom, respectively), but not
AAVshSCA1.F10 mi transduced ones (middle panel; see also
FIG. 11). Numbers in lower left refer to % intranuclear inclu-
sion-positive Purkinje cells in ~400 cells scored.

FIG. 11. Reductions in ataxin-1 inclusions in SCA1 mice
requires transduction. Sections from SCA1 mice injected 9
weeks earlier with AAVshSCA1.F10 mi were evaluated for
hrGFP expression to identify transduced cells, and ataxin-1
inclusions using IF, as described in the Methods and to the
legend of FIG. 4. The photomicrographs demonstrate that
ataxin-1 inclusions are noted in untransduced cells, but not
transduced cells, from AAVShSCA1.F10 mi-treated mice
Bar=25 um.

FIG. 12. PCR method for cloning hairpins. A 79 nt primer
is used with the Ampr template. Pfu and DMSO are used in
the amplification reaction. Products are ligated directly into
pCR-Blunt Topo (Invitrogen) and Kanr resistant colonies
picked and sequenced. Positive clones can be used directly.

FIG. 13. Reduction of eGFP inclusions after transduction
with 25, 50 or 100 viruses/cell into cultures with pre-formed
aggregates. Note dose-dependent response with shGFP vec-
tors only.

FIG. 14. Regulated RNAi. Two Teto2 sequences were
placed up- and down-stream of the TATA box of the H1
promoter element (cartoon). Either control shRNA or shGFP
was placed into the cassette for expression of hairpins. Plas-
mids expressing GFP and the hairpin constructs were trans-
fected into a cell line expressing the TetR (tet-repressor). GFP
fluorescence (left panels) or western blot (right panels) was
evaluated in the absence (TetR binding) or presence (TetR
off) of doxycycline.

FIG. 15. Top, FIV construct. Bottom, AAV construct. Both
express the hrGFP reporter so that transduced cells can be
readily evaluated for shRNA efficacy (as in FIGS. 3 and 4).

FIG. 16. RNAi-mediated suppression of expanded CAG
repeat containing genes. Expanded CAG repeats are not
direct targets for preferential inactivation (A), but a linked
SNP can be exploited to generate siRNA that selectively
silences mutant ataxin-3 expression (B-F). (A) Schematic of
c¢DNA encoding generalized polyQ-fluorescent protein
fusions. Bars indicate regions targeted by siRNAs. HelLa cells
co-transfected with Q80-GFP, Q19-RFP and the indicated
siRNA. Nuclei are visualized by DAPI staining (blue) in
merged images. (B)Schematic of human ataxin-3 cDNA with
bars indicating regions targeted by siRNAs. The targeted SNP
(G987C) is shown in color. In the displayed siRNAs, red or
blue bars denote C or G respectively. In this Figure, AGCAG-
CAGCAGGGGGACCTATCAGGAC is SEQ ID NO:7, and
CAGCAGCAGCAGCGGGACCTATCAGGAC is SEQ ID
NO:8. (C) Quantitation of fluorescence in Cos-7 cells trans-
fected with wild type or mutant ataxin-3-GFP expression
plasmids and the indicated siRNA. Fluorescence from cells
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co-transfected with siMiss was set at one. Bars depict mean
total fluorescence from three independent experiments
+/-standard error of the mean (SEM). (D) Western blot analy-
sis of cells co-transfected with the indicated ataxin-3 expres-
sion plasmids (top) and siRNAs (bottom). Appearance of
aggregated, mutant ataxin-3 in the stacking gel (seen with
siMiss and siG10) is prevented by siRNA inhibition of the
mutant allele. (E) Allele specificity is retained in the simu-
lated heterozygous state. Western blot analysis of Cos-7 cells
cotransfected with wild-type (atx-3-Q28-GFP) and mutant
(atx-Q 166) expression plasmids along with the indicated
siRNAs. (Mutant ataxin-3 detected with 1 C2, an antibody
specific for expanded polyQ, and wild-type ataxin-3 detected
with anti-ataxin-3 antibody.) (F) Western blot of Cos-7 cells
transfected with Atx-3-GFP expression plasmids and plas-
mids encoding the indicated shRNA. The negative control
plasmid, phU6-LacZi, encodes siRNA specific for LacZ.
Both normal and mutant protein were detected with anti-
ataxin-3 antibody. Tubulin immunostaining shown as a load-
ing control in panels (D)-(F).

FIG. 17. Primer sequences for in vitro synthesis of siRNAs
using T7 polymerase. All primers contain the following T7
promoter sequence at their 3' ends: 5'-TATAGTGAGTCG-
TATTA-3' (SEQ ID NO:9). The following primer was
annealed to all oligos to synthesize siRNAs: 5'-TAATAC-
GACTCACTATAG-3'(SEQ ID NO:10).

FIG. 18. Inclusion of either two (siC7/8) or three (siC10)
CAG triplets at the 5' end of ataxin-3 siRNA does not inhibit
expression of unrelated CAG repeat containing genes. (A)
Western blot analysis of Cos-7 cells transfected with CAG
repeat-GFP fusion proteins and the indicated siRNA. Immu-
nostaining with monoclonal anti-GFP antibody (MBL) at
1:1000 dilution. (B) Western blot analysis of Cos-7 cells
transfected with Flag-tagged ataxin-1-Q30, which is unre-
lated to ataxin-3, and the indicated siRNA. Immunostaining
with anti-Flag monoclonal antibody (Sigma St. Louis, Mo.) at
1:1000 dilution. In panels (A) and (B), lysates were collected
24 hours after transfection. Tubulin immunostaining shown
as a loading control.

FIG. 19. shRNA-expressing adenovirus mediates allele-
specific silencing in transiently transfected Cos-7 cells simu-
lating the heterozygous state. (A) Representative images of
cells cotransfected to express wild type and mutant ataxin-3
and infected with the indicated adenovirus at 50 multiplicities
of infection (MOI). Atx-3-Q28-GFP (green) is directly visu-
alized and Atx-3-Q166 (red) is detected by immunofluores-
cence with 1C2 antibody. Nuclei visualized with DAPI stain
in merged images. An average of 73.1% of cells co-expressed
both ataxin-3 proteins with siMiss. (B) Quantitation of mean
fluorescence from 2 independent experiments performed as
in (A). (C) Western blot analysis of viral-mediated silencing
in Cos-7 cells expressing wild type and mutant ataxin-3 as in
(A). Mutant ataxin-3 detected with 1C2 antibody and wild-
type human and endogenous primate ataxin-3 detected with
anti-ataxin-3 antibody. (D) shRNA-expressing adenovirus
mediates allele-specific silencing in stably transfected neural
cell lines. Differentiated PC12 neural cells expressing wild
type (left) or mutant (right) ataxin-3 were infected with aden-
ovirus (100 MOI) engineered to express the indicated hairpin
siRNA. Shown are Western blots immunostained for ataxin-3
and GAPDH as loading control.

FIG. 20. Allele-specific siRNA suppression of a missense
Tau mutation. (A) Schematic of human tau cDNA with bars
indicating regions and mutations tested for siRNA suppres-
sion. Of these, the V337M region showed effective suppres-
sion and was further studied. Vertical bars represent microtu-
bule binding repeat elements in Tau. In the displayed siRNAs,
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blue and red bars denote A and C respectively. In this Figure,
GTGGCCAGATGGAAGTAAAATC is SEQID NO:35, and
GTGGCCAGGTGGAAGTAAAATC is SEQID NO:41. (B)
Western blot analysis of cells co-transfected with WT or
V337M Tau-EGFP fusion proteins and the indicated siRNAs.
Cells were lysed 24 hr after transfection and probed with
anti-tau antibody. Tubulin immunostaining is shown as load-
ing control. (C) Quantitation of fluorescence in Cos-7 cells
transfected with wild type tau-EGFP or mutant V337M tau-
EGFP expression plasmids and the indicated siRNAs. Bars
depict mean fluorescence and SEM from three independent
experiments. Fluorescence from cells co-transfected with
siMiss was set at one.

FIG. 21. Allele-specific silencing of Tau in cells simulating
the heterozygous state. (A) Representative fluorescent
images of fixed Hela cells co-transfected with flag-tagged
WT-Tau (red), V337M-Tau-GFP (green), and the indicated
siRNAs. An average of 73.7% of cells co-expressed both Tau
proteins with siMiss. While siA9 suppresses both alleles,
siA9/C12 selectively decreased expression of mutant Tau
only. Nuclei visualized with DAPI stain in merged images.
(B) Quantitation of mean fluorescence from 2 independent
experiments performed as in (A). (C) Western blot analysis of
cells co-transfected with Flag-WT-Tau and V337M-Tau-
EGFP fusion proteins and the indicated siRNAs. Cells were
lysed 24 hr after transfection and probed with anti-tau anti-
body. V337M-GFP Tau was differentiated based on reduced
electrophoretic mobility due to the addition of GFP. Tubulin
immunostaining is shown as a loading control.

FIG. 22. Schematic diagram of allele-specific silencing of
mutant TorsinA by small interfering RNA (siRNA). In the
disease state, wild type and mutant alleles of TOR1A are both
transcribed into mRNA. siRNA with sequence identical to the
mutant allele (deleted of GAG) should bind mutant mRNA
selectively and mediate its degradation by the RNA-induced
silencing complex (RISC) (circle). Wild type mRNA, not
recognized by the mutant—specific siRNA, will remain and
continue to be translated into normal TorsinA. The two adja-
cent GAG’s in wild type TORI1A alleles are shown as two
parallelograms, one of which is deleted in mutant TOR1A
alleles.

FIG. 23. Design and targeted sequences of siRNAs. Shown
are the relative positions and targeted mRNA sequences for
each primer used in this study. Mis-siRNA (negative control)
does not target TA; com-siRNA targets a sequence present in
wild type and mutant TA; wt-siRNA targets only wild type
TA; and three mutant-specific siRNAs (Mut A, B, C). prefer-
entially target mutant TA. The pair of GAG codons near the
c-terminus of wild type mRNA are shown in underlined gray
and black, with one codon deleted in mutant mRNA.

FIG. 24. siRNA silencing of TAwt and TAmut in Cos-7
cells. (A) Western blot results showing the effect of different
siRNAs on GFP-TAwt expression levels. Robust suppression
is achieved with wt-siRNA and com-siRNA, while the
mutant-specific siRNAs MutA, (B) and (C) have modest or no
effect on GFP-TAwt expression. Tubulin loading controls are
also shown. (B) Similar experiments with cells expressing
HA-TAmut, showing significant suppression by mutant-spe-
cific siRNAs and com-siRNA but no suppression by the wild
type-specific siRNA, wt-siRNA. (C) Quantification of results
from at least three separate experiments as in A and B. (D)
Cos-7 cells transfected with GFP-TAwt or GFP-TAmut and
different siRNAs visualized under fluorescence microscopy
(200x). Representative fields are shown indicating allele-
specific suppression. (E) Quantification of fluorescence sig-
nal from two different experiments as in D.
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FIG. 25. Allele-specific silencing by siRNA in the simu-
lated heterozygous state. Cos-7 cells were cotransfected with
plasmids encoding differentially tagged TAwt and TAmut,
together with the indicated siRNA. (A) Western blot results
analysis showing selective suppression of the targeted allele
by wt-siRNA or mutC-siRNA. (B) Quantification of results
from three experiments as in (A).

FIG. 26. RNAIi reduces human huntingtin expression in
vitro. (A) RNA sequence of shHD2.1. The 21 nucleotide
antisense strand is cognate to nucleotides 416-436 of human
htt mRNA (Genbank #NM 00211). (B and C) Northern and
western blots demonstrate shHD2.1 mediated reduction of
HD-N171-82Q mRNA and protein expression, 48 h post-
transfection of target- and shRNA-expressing plasmids.
GAPDH and actin serve as loading controls. (D) Western
blots show that shHD2.1 inhibits expression of full-length
human huntingtin protein, 48 h post-transfection. (E)
ShHD2.1 induces dose-dependent reduction of human htt
mRNA. Cells were transfected with shlLacZ- or shHD2.1-
expressing plasmids in the indicated amounts. Relative htt
expression was determined by quantitative PCR 24 h later.
SEQ ID NO:56 is 5-AAGAAAGAACUUUCAGCUACC-3'.
SEQ ID NO:57 is 5-GGUAGCUGAAAGUUCUUUCUU-
3'. SEQ ID NO:58 is 5'-GAAGCUUG-3". SEQ ID NO:59 is
5'-AAGAAAGAACUUUCAGCUACCGAAGCU-
UGGGUAGCUGAAAGUUCUUUC UUUUUUUU-3".

FIG. 27. AAV.shHD2.1 delivers widespread RNA1i expres-
sion to mouse striatum. (A) AAV.shHD2.1 viral vector. ITR,
inverted terminal repeat. (B) Northern blot showing shHD2.1
transcripts are expressed in vivo. Processed antisense (lower
band) and unprocessed (upper band) shHD2.1 transcripts in
three different AAV.shHD2.1-injected mice. L, ladder; +,
positive control oligo. Blot was probed with radiolabeled
sense probe. (C) Typical AAV1 transduction pattern (hrGFP)
in mouse brain. CC, corpus callosum; LV, lateral ventricle.

FIG. 28. AAV.shHD2.1 eliminates accumulation of hun-
tingtin-reactive neuronal inclusions and reduces HD-N171-
82Q mRNA in vivo. (A) Representative photomicrographs
show htt-reactive inclusions (arrows) in HD striatal cells
transduced with AAV.shLLacZ-, but not AAV.shHD2.1. Scale
bar, 20 um. (B) Higher magnification photomicrograph from
a (bottom, right) showing lack of htt-reactive inclusions in
cells transduced by AAV.shHD2.1. *serves as a marker for
orientation. Scale bar, 20 um. (C) Representative western blot
demonstrates decreased HD-N171-82Q expression in mouse
striata transduced with AAV.shHD2.1 compared to unin-
jected or AAV.shlLacZ-injected striata. Prion protein was used
as a loading control to normalize for tissues expressing the
HD-N171-82Q transgene. (D) AAV.shHD2.1-treated HD
mice showed a 55% average reduction in HD-N171-82Q
mRNA compared to AAV.shl.acZ or uninjected HD mice.
Data are means+S.E.M. relative to uninjected HD samples. *,
difference from AAV.shHD2.1 samples, p<0.05 (ANOVA).
(E) Mice were injected directly into cerebellum with
AAV.shHD2.1 or AAV.shLacZ. Cerebellar sections confirm
that AAV.shHD?2.1, but not AAV.shLacZ, reduces htt immu-
noreactivity. GCL, granule cell layer; ML, molecular layer.
Scale bar, 100 um.

FIG. 29. AAV.shHD2.1 improves behavioral deficits in
HD-N171-82Q mice. (A) Box plot. Bilateral striatal delivery
of AAV.shHD2.1 improves stride length in HD-N171-82Q
mice. HD mice had significantly shorter stride lengths com-
pared to WT. AAV.shHD2.1 mediated significant gait
improvement relative to control-treated HD mice. *,
p<0.0001 (ANOVA, Scheffe post-hoc). (B) Bilateral striatal
delivery of AAV.shHD?2.1 significantly improves rotarod per-
formance in HD-N171-82QQ mice. Only AAV.shlLacZ-in-
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jected and uninjected HD-N171-82Q declined significantly
with time. Data are means+S.E.M.

FIG. 30. DNA sequences of huntingtin hairpins. The bases
that are underlined indicate changes from the native hunting-
tin sequence.

FIG. 31. PCR method for cloning hairpins. A 79 nt primer
is used with the Ampr template. Pfu and DMSO are used in
the amplification reaction. Products are ligated directly into
pCR-Blunt Topo (Invitrogen) and Kanr resistant colonies
picked and sequenced. Positive clones can be used directly.

FIG. 32. Reduction of eGFP inclusions after transduction
with 25, 50 or 100 viruses/cell into cultures with pre-formed
aggregates. Note dose-dependent response with shGFP vec-
tors only.

FIG. 33. Regulated RNAi. Two Teto2 sequences were
placed up- and down-stream of the TATA box of the H1
promoter element (cartoon). Either control shRNA or shGFP
was placed into the cassette for expression of hairpins. Plas-
mids expressing GFP and the hairpin constructs were trans-
fected into a cell line expressing the TetR (tet-repressor). GFP
fluorescence (left panels) or western blot (right panels) was
evaluated in the absence (TetR binding) or presence (TetR
off) of doxycycline.

FIG. 34. Top, FIV construct. Bottom, AAV construct. Both
express the hrGFP reporter so that transduced cells can be
readily evaluated for shRNA efficacy (as in FIGS. 3 and 4).

FIG. 35. siRNA molecules specific for regions of the HD
gene.

DETAILED DESCRIPTION OF THE INVENTION

Modulation of gene expression by endogenous, noncoding
RNAs is increasingly appreciated as a mechanism playing a
role in eukaryotic development, maintenance of chromatin
structure and genomic integrity (McManus, 2002). Recently,
techniques have been developed to trigger RNA interference
(RNAI) against specific targets in mammalian cells by intro-
ducing exogenously produced or intracellularly expressed
siRNAs (Elbashir, 2001a, 2001b, 2001¢c; Brummelkamp,
2002). These methods have proven to be quick, inexpensive
and effective for knockdown experiments in vitro and in vivo
(Elbashir, 2001a, 2001b, 2001c; Brummelkamp, 2002;
McCaftrey, 2002; Xia, 2002). The ability to accomplish
selective gene silencing has led to the hypothesis that siRNAs
might be employed to suppress gene expression for therapeu-
tic benefit (Xia, 2002; Jacque, 2002; Gitlin, 2002).

RNA interference is now established as an important bio-
logical strategy for gene silencing, but its application to mam-
malian cells has been limited by nonspecific inhibitory effects
of long double-stranded RNA on translation. Moreover,
delivery of interfering RNA has largely been limited to
administration of RNA molecules. Hence, such administra-
tion must be performed repeatedly to have any sustained
effect. The present inventors have developed a delivery
mechanism that results in specific silencing of targeted genes
through expression of small interfering RNA (siRNA). The
inventors have markedly diminished expression of exogenous
and endogenous genes in vitro and in vivo in brain and liver,
and further apply this novel strategy to a model system of a
major class of neurodegenerative disorders, the poly-
glutamine diseases, to show reduced polyglutamine aggrega-
tion in cells. This strategy is generally useful in reducing
expression of target genes in order to model biological pro-
cesses or to provide therapy for dominant human diseases.

Disclosed herein is a strategy that results in substantial
silencing of targeted alleles via siRNA. Use of this strategy
results in markedly diminished in vitro and in vivo expression
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of targeted alleles. This strategy is useful in reducing expres-
sion of targeted alleles in order to model biological processes
or to provide therapy for human diseases. For example, this
strategy can be applied to a major class of neurodegenerative
disorders, the polyglutamine diseases, as is demonstrated by
the reduction of polyglutamine aggregation in cells following
application of the strategy. As used herein the term “substan-
tial silencing” means that the mRNA of the targeted allele is
inhibited and/or degraded by the presence of the introduced
siRNA, such that expression of the targeted allele is reduced
by about 10% to 100% as compared to the level of expression
seen when the siRNA is not present. Generally, when an allele
is substantially silenced, it will have at least 40%, 50%, 60%,
t0 70%, e.g., 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, to
79%, generally at least 80%, e.g., 81%-84%, at least 85%,
e.g., 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% or even 100% reduction expres-
sion as compared to when the siRNA is not present. As used
herein the term “substantially normal activity” means the
level of expression of an allele when an siRNA has not been
introduced to a cell.

Dominantly inherited diseases, including polyQ neurode-
generative disorders, are ideal candidates for siRNA-based
therapy. The polyQ neurodegenerative disorders include at
least nine inherited disorders caused by CAG repeat expan-
sions that encode polyQ in the disease protein. PolyQ expan-
sion confers a dominant toxic property on the mutant protein
that is associated with aberrant accumulation of the disease
protein in neurons (Zoghbi, 2000). All polyQ diseases are
progressive, ultimately fatal disorders that typically begin in
adulthood. Huntington disease (HD) is the best known polyQ
disease, but at least seven hereditary ataxias and one motor
neuron disease are also due to CAG repeat/polyQ expansion.
Although the clinical features and patterns of neuronal degen-
eration differ among the diseases, increasing evidence sug-
gests that polyQ diseases share important pathogenic fea-
tures. In particular, expansion of the CAG repeat/polyQ
domain confers upon the encoded protein a dominant toxic
property. Thus as a therapeutic strategy, efforts to lower
expression of the mutant gene product prior to cell death
could be highly beneficial to patients.

Dominantly inherited diseases are ideal candidates for
siRNA-based therapy. To explore the utility of siRNA in
inherited human disorders, the present inventors employed
cellular models to test whether mutant alleles responsible for
these dominantly-inherited human disorders could be specifi-
cally targeted. First, three classes of dominantly inherited,
untreatable neurodegenerative diseases were examined: poly-
glutamine (polyQ) neurodegeneration in MJD/SCA3, Hun-
tington’s disease and frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP-17). Machado-
Joseph disease is also known as Spinocerebellar Ataxia Type
3 (The HUGO official name is MID). The gene involved is
MID1, which encodes for the protein ataxin-3 (also called
Mjdlp). Huntington’s disease is due to expansion of the CAG
repeat motif in exon 1 of huntingtin. In 38% of patients a
polymorphism exists in exon 58 of the huntingtin gene, allow-
ing for allele specific targeting. Frontotemporal dementia
(sometimes with parkinonism, and linked to chromosome 17,
so sometimes called FTDP-17) is due to mutations in the
MAPT1 gene that encodes the protein tau.

The polyQ neurodegenerative disorders include at least
nine diseases caused by CAG repeat expansions that encode
polyQ in the disease protein. PolyQ expansion confers a
dominant toxic property on the mutant protein that is associ-
ated with aberrant accumulation of the disease protein in
neurons (Zoghbi, 2000). In FTDP-17, Tau mutations lead to
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the formation of neurofibrillary tangles accompanied by neu-
ronal dysfunction and degeneration (Poorkaj, 1998; Hutton,
1998). The precise mechanisms by which these mutant pro-
teins cause neuronal injury are unknown, but considerable
evidence suggests that the abnormal proteins themselves ini-
tiate the pathogenic process (Zoghbi, 2000). Accordingly,
eliminating expression of the mutant protein by siRNA or
other means slows or prevents disease (Yamamoto, 2000).
However, because many dominant disease genes also encode
essential proteins (e.g. Nasir, 1995) siRNA-mediated
approaches were developed that selectively inactivate mutant
alleles, while allowing continued expression of the wild type
proteins ataxin-3 and huntingtin.

Second, the dominantly-inherited disorder DYT1 dystonia
was studied. DYT1 dystonia is also known as Torsion dysto-
nia type 1, and is caused by a GAG deletion in the TOR1A
gene encoding torsinA. DYT1 dystonia is the most common
cause of primary generalized dystonia. DYT1 usually pre-
sents in childhood as focal dystonia that progresses to severe
generalized disease (Fahn, 1998; Klein, 2002a). With one
possible exception (Leung, 2001; Doheny, 2002; Klein,
2002), all cases of DY T1 result from a common GAG deletion
in TOR1A, eliminating one of two adjacent glutamic acids
near the C-terminus of the protein TorsinA (TA) (Ozelius,
1997). Although the precise cellular function of TA is
unknown, it seems clear that mutant TA (TAmut) acts through
a dominant-negative or dominant-toxic mechanism (Breake-
field, 2001).

Several characteristics of DY'T1 make it an ideal disease in
which to use siRNA-mediated gene silencing as therapy. Of
greatest importance, the dominant nature of the disease sug-
gests that a reduction in mutant TA, whatever the precise
pathogenic mechanism proves to be, is helpful. Moreover, the
existence of a single common mutation that deletes a full
three nucleotides suggested it might be feasible to design
siRNA that specifically targets the mutant allele and is appli-
cable to all affected persons. Finally, there is no effective
therapy for DYT1, a relentless and disabling disease.

As outlined in the strategy in FIG. 11, the inventors devel-
oped siRNA that would specifically eliminate production of
protein from the mutant allele. By exploiting the three base
pair difference between wild type and mutant alleles, the
inventors successtully silenced expression of the mutant pro-
tein (TAmut) without interfering with expression of the wild
type protein (TAwt). Because TAwt may be an essential pro-
tein it is critically important that efforts be made to silence
only the mutant allele. This allele-specific strategy has obvi-
ous therapeutic potential for DYT1 and represents a novel and
powerful research tool with which to investigate the function
of TA and its dysfunction in the disease state.

Expansions of poly-glutamine tracts in proteins that are
expressed in the central nervous system can cause neurode-
generative diseases. Some neurodegenerative diseases are
caused by a (CAG),, repeat that encodes poly-glutamine in a
protein include Huntington disease (HD), spinocerebellar
ataxia (SCA1, SCA2, SCA3, SCA6, SCA7), spinal and bul-
bar muscular atrophy (SBMA), and dentatorubropallidoluy-
sian atrophy (DRPLA). In these diseases, the poly-glutamine
expansion in a protein confers a novel toxic property upon the
protein. Studies indicate that the toxic property is a tendency
for the disease protein to misfold and form aggregates within
neurons.

CAG triplet repeat expansion in exon 1 of Hdh causes
Huntington’s disease. Clinical characteristics of HD include
progressive loss of striatal neurons and later, cortical thin-
ning. Adult patients show choreiform movements, impaired
coordination, progressive dementia and other psychiatric dis-
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turbances. The symptoms of juvenile HD patients include
bradykinesia, dystonia and seizures. HD is a uniformly fatal
disease, with death occurring one to two decades after disease
onset.

The Hdh locus is on chromosome 4, spans 180 kb over 67
exons and encodes the protein huntingtin (htt). In non-HD
individuals, the CAG repeat region is less than 35 CAG
repeats. Expansions of 36 to ~50 repeats, or greater than ~50,
cause late or early onset disease, respectively. The inverse
correlation of repeat length with age of disease onset is a
common characteristic of the CAG repeat disorders, and one
that is recapitulated in mouse models. Evidence indicates that
HD also may be a dose-dependent process. For example, in
transgenic mouse models of polyQ disease, phenotypic sever-
ity usually correlates with expression levels of the disease
protein, and homozygous transgenic mice develop disease
more rapidly than heterozygous mice. In addition, the very
rare human cases of homozygosity for polyQ disease suggest
that disease severity correlates with the level of disease pro-
tein expression, again supporting the notion that reducing
mutant protein expression would be clinically beneficial.

The function of htt is not known. It is clear from mouse
models, however, that it is required during gastrulation, neu-
rogenesis and in postnatal brain. Htt knock-out mice die
during development. Also, removal of htt via Cre recombi-
nase-mediated excision of a floxed Hdh allele causes progres-
sive postnatal neurodegeneration. A CAG expansion intro-
duced into the mouse allele (a knock-in) does not impair
neurogenesis unless wildtype htt expression is reduced from
normal levels, suggesting that the expanded allele does not
impair wildtype htt function in neurogenesis. In adult mice
mutant htt causes progressive depletion of normal htt. Htt is
important in vesicle trafficking, NMDA receptor modulation,
and regulation of BDNF transcription, and the expression of
many genes is affected in the CNS of HD mice.

The therapeutic promise of silencing the mutant gene (and
its toxic property) is best demonstrated in a tetracycline-
regulated mouse model of HD (Yamamoto 2000). When
mutant htt is inducibly expressed in these mice, pathological
and behavioral features of the disease develop over time,
including the characteristic formation of neuronal inclusions
and abnormal motor behavior (Yamamoto 2000, On 2000).
However, when expression of the transgene is repressed in
affected mice, the pathological and behavioral features of
disease fully resolve (Yamamoto 2000). This result indicates
that if expression of mutant polyQ protein can be halted,
protein clearance mechanisms within neurons can eliminate
the aggregated mutant protein, and possibly normalize
mutant htt-induced changes. It also suggests that gene silenc-
ing approaches may be beneficial even for individuals with
fairly advanced disease.

One of skill in the art can select additional target sites for
generating siRNA specific for other alleles beyond those spe-
cifically described in the experimental examples. Such allele-
specific siRNAs made be designed using the guidelines pro-
vided by Ambion (Austin, Tex.). Briefly, the target cDNA
sequence is scanned for target sequences that had AA di-
nucleotides. Sense and anti-sense oligonucleotides are gen-
erated to these targets (AA+3' adjacent 19 nucleotides) that
contained a G/C content of 35 to 55%. These sequences are
then compared to others in the human genome database to
minimize homology to other known coding sequences
(BLAST search).

To accomplish intracellular expression of the therapeutic
siRNA, an RNA molecule is constructed containing two
complementary strands or a hairpin sequence (such as a 21-bp
hairpin) representing sequences directed against the gene of
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interest. The siRNA, or a nucleic acid encoding the siRNA, is
introduced to the target cell, such as a diseased brain cell. The
siRNA reduces target mRNA and protein expression.

The construct encoding the therapeutic siRNA is config-
ured such that the one or more strands of the siRNA are
encoded by a nucleic acid that is immediately contiguous to a
promoter. In one example, the promoter is a pol II promoter.
If a pol II promoter is used in a particular construct, it is
selected from readily available pol II promoters known in the
art, depending on whether regulatable, inducible, tissue or
cell-specific expression of the siRNA is desired. The con-
struct is introduced into the target cell, allowing for dimin-
ished target-gene expression in the cell.

It was surprising that a pol II promoter would be eftective.
While small RNAs with extensive secondary structure are
routinely made from Pol III promoters, there is no a priori
reason to assume that small interfering RNAs could be
expressed from pol II promoters. Pol III promoters terminate
in a short stretch of T's (5 or 6), leaving a very small 3' end and
allowing stabilization of secondary structure. Polymerase 11
transcription extends well past the coding and polyadenyla-
tion regions, after which the transcript is cleaved. Two ade-
nylation steps occur, leaving a transcript with a tail of up to
200 As. This string of As would of course completely desta-
bilize any small, 21 base pair hairpin. Therefore, in addition to
modifying the promoter to minimize sequences between the
transcription start site and the siRNA sequence (thereby sta-
bilizing the hairpin), the inventors also extensively modified
the polyadenylation sequence to test if a very short polyade-
nylation could occur. The results, which were not predicted
from prior literature, showed that it could.

The present invention provides an expression cassette con-
taining an isolated nucleic acid sequence encoding a small
interfering RNA molecule (siRNA) targeted against a gene of
interest. The siRNA may form a hairpin structure that con-
tains a duplex structure and a loop structure. The loop struc-
ture may contain from 4 to 10 nucleotides, such as 4, 5 or 6
nucleotides. The duplex is less than 30 nucleotides in length,
such as from 19 to 25 nucleotides. The siRNA may further
contain an overhang region. Such an overhang may be a 3'
overhang region or a 5' overhang region. The overhang region
may be, for example, from 1 to 6 nucleotides in length. The
expression cassette may further contain a pol II promoter, as
described herein. Examples of pol II promoters include regu-
latable promoters and constitutive promoters. For example,
the promoter may be a CMV or RSV promoter. The expres-
sion cassette may further contain a polyadenylation signal,
such as a synthetic minimal polyadenylation signal. The
nucleic acid sequence may further contain a marker gene or
stuffer sequences. The expression cassette may be contained
in a viral vector. An appropriate viral vector for use in the
present invention may be an adenoviral, lentiviral, adeno-
associated viral (AAV), poliovirus, herpes simplex virus
(HSV) or murine Maloney-based viral vector. The gene of
interest may be a gene associated with a condition amenable
to siRNA therapy. Examples of such conditions include neu-
rodegenerative diseases, such as a trinucleotide-repeat dis-
ease (e.g., polyglutamine repeat disease). Examples of these
diseases include Huntington’s disease or several spinocer-
ebellar ataxias. Alternatively, the gene of interest may encode
aligand for a chemokine involved in the migration of a cancer
cell, or a chemokine receptor.

The present invention also provides an expression cassette
containing an isolated nucleic acid sequence encoding a first
segment, a second segment located immediately 3' of the first
segment, and a third segment located immediately 3' of the
second segment, wherein the first and third segments are each
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less than 30 base pairs in length and each more than 10 base
pairs in length, and wherein the sequence of the third segment
is the complement of the sequence of the first segment, and
wherein the isolated nucleic acid sequence functions as a
small interfering RNA molecule (siRNA) targeted against a
gene of interest. The expression cassette may be contained in
a vector, such as a viral vector.

The present invention provides a method of reducing the
expression ofa gene product in a cell by contacting a cell with
an expression cassette described above. It also provides a
method of treating a patient by administering to the patient a
composition of the expression cassette described above.

The present invention further provides a method of reduc-
ing the expression of a gene product in a cell by contacting a
cell with an expression cassette containing an isolated nucleic
acid sequence encoding a first segment, a second segment
located immediately 3' of the first segment, and a third seg-
ment located immediately 3' of the second segment, wherein
the first and third segments are each less than 30 base pairs in
length and each more than 10 base pairs in length, and
wherein the sequence of the third segment is the complement
of'the sequence of the first segment, and wherein the isolated
nucleic acid sequence functions as a small interfering RNA
molecule (siRNA) targeted against a gene of interest.

The present method also provides a method of treating a
patient, by administering to the patient a composition con-
taining an expression cassette, wherein the expression cas-
sette contains an isolated nucleic acid sequence encoding a
first segment, a second segment located immediately 3' of the
first segment, and a third segment located immediately 3' of
the second segment, wherein the first and third segments are
each less than 30 bases in length and each more than 10 bases
in length, and wherein the sequence of the third segment is the
complement of the sequence of the first segment, and wherein
the isolated nucleic acid sequence functions as a small inter-
fering RNA molecule (siRNA) targeted against a gene of
interest.

1. Small Interfering RNA (siRNA)

A “small interfering RNA” or “short interfering RNA” or
“siRNA” or “short hairpin RNA” or “shRNA” is a RNA
duplex of nucleotides that is targeted to a nucleic acid
sequence of interest, for example, ataxin-1 or huntingtin (htt).
As used herein, the term “siRNA” is a generic term that
encompasses the subset of sShRNAs. A “RNA duplex” refers
to the structure formed by the complementary pairing
between two regions of a RNA molecule. siRNA is “targeted”
to a gene in that the nucleotide sequence of the duplex portion
of the siRNA is complementary to a nucleotide sequence of
the targeted gene. In certain embodiments, the siRNAs are
targeted to the sequence encoding ataxin-1 or huntingtin. In
some embodiments, the length ofthe duplex of siRNAs is less
than 30 base pairs. In some embodiments, the duplex can be
29,28,27,26,25,24,23,22,21,20,19,18,17,16, 15, 14, 13,
12, 11 or 10 base pairs in length. In some embodiments, the
length of the duplex is 19 to 25 base pairs in length. In certain
embodiment, the length of'the duplex is 19 or 21 base pairs in
length. The RNA duplex portion of the siRNA can be part of
a hairpin structure. In addition to the duplex portion, the
hairpin structure may contain a loop portion positioned
between the two sequences that form the duplex. The loop can
vary in length. In some embodiments the loop is 5, 6, 7, 8, 9,
10, 11, 12 or 13 nucleotides in length. In certain embodi-
ments, the loop is 9 nucleotides in length. The hairpin struc-
ture can also contain 3' or 5' overhang portions. In some
embodiments, the overhang is a 3' or a 5' overhang 0, 1, 2, 3,
4 or 5 nucleotides in length.
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The siRNA can be encoded by a nucleic acid sequence, and
the nucleic acid sequence can also include a promoter. The
nucleic acid sequence can also include a polyadenylation
signal. In some embodiments, the polyadenylation signal is a
synthetic minimal polyadenylation signal.

“Knock-down,” “knock-down technology” refers to a tech-
nique of gene silencing in which the expression of a target
gene is reduced as compared to the gene expression prior to
the introduction of the siRNA, which can lead to the inhibi-
tion of production of the target gene product. The term
“reduced” is used herein to indicate that the target gene
expression is lowered by 1-100%. In other words, the amount
of RNA available for translation into a polypeptide or protein
is minimized. For example, the amount of protein may be
reduced by 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99%. In
some embodiments, the expression is reduced by about 90%
(i.e., only about 10% of the amount of protein is observed a
cell as compared to a cell where siRNA molecules have not
been administered). Knock-down of gene expression can be
directed by the use of dsRNAs or siRNAs.

“RNA interference (RNAi)” is the process of sequence-
specific, post-transcriptional gene silencing initiated by
siRNA. During RNAi, siRNA induces degradation of target
mRNA with consequent sequence-specific inhibition of gene
expression. RNAI involving the use of siRNA has been suc-
cessfully applied to knockdown the expression of specific
genes in plants, D. melanogaster, C. elegans, trypanosomes,
planaria, hydra, and several vertebrate species including the
mouse. For a review of the mechanisms proposed to mediate
RNAI, please refer to Bass et al., 2001 Elbashir, 2001a,
2001b, 2001c¢; or Brantl, 2002.

According to a method of the present invention, the expres-
sion of huntingtin or atxain-1 can be modified via RNAi. For
example, the accumulation of huntingtin or atxain-1 can be
suppressed in a cell. The term “suppressing” refers to the
diminution, reduction or elimination in the number or amount
of transcripts present in a particular cell. For example, the
accumulation of mRNA encoding huntingtin or atxain-1 can
be suppressed in a cell by RNA interference (RNAI), e.g., the
gene is silenced by sequence-specific double-stranded RNA
(dsRNA), which is also called short interfering RNA
(siRNA). These siRNAs can be two separate RNA molecules
that have hybridized together, or they may be a single hairpin
wherein two portions of a RNA molecule have hybridized
together to form a duplex.

A mutant protein refers to the protein encoded by a gene
having a mutation, e.g., a missense or nonsense mutation in
one or both alleles of huntingtin or atxain-1. A mutant hun-
tingtin or atxain-1 may be disease-causing, i.e., may lead to a
disease associated with the presence of huntingtin or atxain-1
in an animal having either one or two mutant allele(s).

The term “gene” is used broadly to refer to any segment of
nucleic acid associated with a biological function. Thus,
genes include coding sequences and/or the regulatory
sequences required for their expression. For example, “gene”
refers to a nucleic acid fragment that expresses mRNA, func-
tional RNA, or specific protein, including regulatory
sequences. “Genes” also include nonexpressed DNA seg-
ments that, for example, form recognition sequences for other
proteins. “Genes” can be obtained from a variety of sources,
including cloning from a source of interest or synthesizing
from known or predicted sequence information, and may
include sequences designed to have desired parameters. An
“allele” is one of several alternative forms of a gene occupy-
ing a given locus on a chromosome.

The term “nucleic acid” refers to deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA) and polymers thereof in
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either single- or double-stranded form, composed of mono-
mers (nucleotides) containing a sugar, phosphate and a base
that is either a purine or pyrimidine. Unless specifically lim-
ited, the term encompasses nucleic acids containing known
analogs of natural nucleotides that have similar binding prop-
erties as the reference nucleic acid and are metabolized in a
manner similar to naturally occurring nucleotides. Unless
otherwise indicated, a particular nucleic acid sequence also
encompasses conservatively modified variants thereof (e.g.,
degenerate codon substitutions) and complementary
sequences, as well as the sequence explicitly indicated. Spe-
cifically, degenerate codon substitutions may be achieved by
generating sequences in which the third position of one or
more selected (or all) codons is substituted with mixed-base
and/or deoxyinosine residues. A “nucleic acid fragment™ is a
portion of a given nucleic acid molecule.

A “nucleotide sequence” is a polymer of DNA or RNA that
can be single- or double-stranded, optionally containing syn-
thetic, non-natural or altered nucleotide bases capable of
incorporation into DNA or RNA polymers.

The terms “nucleic acid,” “nucleic acid molecule,”
“nucleic acid fragment,” “nucleic acid sequence or segment,”
or “polynucleotide” are used interchangeably and may also
be used interchangeably with gene, cDNA, DNA and RNA
encoded by a gene.

The invention encompasses isolated or substantially puri-
fied nucleic acid compositions. In the context of the present
invention, an “isolated” or “purified” DNA molecule or RNA
molecule is a DNA molecule or RNA molecule that exists
apart from its native environment and is therefore not a prod-
uct of nature. An isolated DNA molecule or RNA molecule
may exist in a purified form or may exist in a non-native
environment such as, for example, a transgenic host cell. For
example, an “isolated” or “purified” nucleic acid molecule or
biologically active portion thereof, is substantially free of
other cellular material, or culture medium when produced by
recombinant techniques, or substantially free of chemical
precursors or other chemicals when chemically synthesized.
In one embodiment, an “isolated” nucleic acid is free of
sequences that naturally flank the nucleic acid (i.e., sequences
located at the 5' and 3' ends of the nucleic acid) in the genomic
DNA of the organism from which the nucleic acid is derived.
For example, in various embodiments, the isolated nucleic
acid molecule can contain less than about 5 kb, 4 kb, 3 kb, 2
kb, 1 kb, 0.5 kb, or 0.1 kb of nucleotide sequences that
naturally flank the nucleic acid molecule in genomic DNA of
the cell from which the nucleic acid is derived. Fragments and
variants of the disclosed nucleotide sequences are also
encompassed by the present invention. By “fragment” or
“portion” is meant a full length or less than full length of the
nucleotide sequence.

“Naturally occurring,” “native,” or “wild-type” is used to
describe an object that can be found in nature as distinct from
being artificially produced. For example, a protein or nucle-
otide sequence present in an organism (including a virus),
which can be isolated from a source in nature and that has not
been intentionally modified by a person in the laboratory, is
naturally occurring.

A “variant” of a molecule is a sequence that is substantially
similar to the sequence of the native molecule. For nucleotide
sequences, variants include those sequences that, because of
the degeneracy of the genetic code, encode the identical
amino acid sequence of the native protein. Naturally occur-
ring allelic variants such as these can be identified with the
use of molecular biology techniques, as, for example, with
polymerase chain reaction (PCR) and hybridization tech-
niques. Variant nucleotide sequences also include syntheti-
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cally derived nucleotide sequences, such as those generated,
for example, by using site-directed mutagenesis, which
encode the native protein, as well as those that encode a
polypeptide having amino acid substitutions. Generally,
nucleotide sequence variants of the invention will have at
least 40%, 50%, 60%, to 70%, e.g., 71%, 72%, 73%, 74%,
75%, 76%, 77%, 78%, to 79%, generally at least 80%, e.g.,
81%-84%, at least 85%, e.g., 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, to 98%, sequence
identity to the native (endogenous) nucleotide sequence.

The term “chimeric” refers to a gene or DNA that contains
1) DNA sequences, including regulatory and coding
sequences that are not found together in nature or 2)
sequences encoding parts of proteins not naturally adjoined,
or 3) parts of promoters that are not naturally adjoined.
Accordingly, a chimeric gene may include regulatory
sequences and coding sequences that are derived from differ-
ent sources, or include regulatory sequences and coding
sequences derived from the same source, but arranged in a
manner different from that found in nature.

A “transgene” refers to a gene that has been introduced into
the genome by transformation. Transgenes include, for
example, DNA that is either heterologous or homologous to
the DNA of a particular cell to be transformed. Additionally,
transgenes may include native genes inserted into a non-
native organism, or chimeric genes.

The term “endogenous gene” refers to a native gene in its
natural location in the genome of an organism.

A “foreign” gene refers to a gene not normally found in the
host organism that has been introduced by gene transfer.

The terms “protein,” “peptide” and “polypeptide” are used
interchangeably herein.

“Conservatively modified variations” of a particular
nucleic acid sequence refers to those nucleic acid sequences
that encode identical or essentially identical amino acid
sequences. Because of the degeneracy of the genetic code, a
large number of functionally identical nucleic acids encode
any given polypeptide. For instance, the codons CGT, CGC,
CGA, CGG, AGA and AGG all encode the amino acid argi-
nine. Thus, at every position where an arginine is specified by
a codon, the codon can be altered to any of the corresponding
codons described without altering the encoded protein. Such
nucleic acid variations are “silent variations,” which are one
species of “conservatively modified variations.” Every
nucleic acid sequence described herein that encodes a
polypeptide also describes every possible silent variation,
except where otherwise noted. One of skill in the art will
recognize that each codon in a nucleic acid (except ATG,
which is ordinarily the only codon for methionine) can be
modified to yield a functionally identical molecule by stan-
dard techniques. Accordingly, each “silent variation” of a
nucleic acid that encodes a polypeptide is implicit in each
described sequence.

“Recombinant DNA molecule” is a combination of DNA
sequences that are joined together using recombinant DNA
technology and procedures used to join together DNA
sequences as described, for example, in Sambrook and Rus-
sell (2001).

The terms “heterologous gene”, “heterologous DNA
sequence”, “exogenous DNA sequence”, “heterologous RNA
sequence”, “exogenous RNA sequence” or “heterologous
nucleic acid” each refer to a sequence that either originates
from a source foreign to the particular host cell, or is from the
same source but is modified from its original or native form.
Thus, a heterologous gene in a host cell includes a gene that is
endogenous to the particular host cell but has been modified
through, for example, the use of DNA shuffling. The terms



US 9,260,716 B2

37

also include non-naturally occurring multiple copies of a
naturally occurring DNA or RNA sequence. Thus, the terms
refer to a DNA or RNA segment that is foreign or heterolo-
gous to the cell, or homologous to the cell but in a position
within the host cell nucleic acid in which the element is not
ordinarily found. Exogenous DNA segments are expressed to
yield exogenous polypeptides.

A “homologous” DNA or RNA sequence is a sequence that
is naturally associated with a host cell into which it is intro-
duced.

“Wild-type” refers to the normal gene or organism found in
nature.

“Genome” refers to the complete genetic material of an
organism.

A ““vector” is defined to include, inter alia, any viral vector,
as well as any plasmid, cosmid, phage or binary vector in
double or single stranded linear or circular form that may or
may not be self transmissible or mobilizable, and that can
transform prokaryotic or eukaryotic host either by integration
into the cellular genome or exist extrachromosomally (e.g.,
autonomous replicating plasmid with an origin of replica-
tion).

“Expression cassette” as used herein means a nucleic acid
sequence capable of directing expression of a particular
nucleotide sequence in an appropriate host cell, which may
include a promoter operably linked to the nucleotide
sequence of interest that may be operably linked to termina-
tion signals. The coding region usually codes for a functional
RNA of interest, for example an siRNA. The expression cas-
sette including the nucleotide sequence of interest may be
chimeric. The expression cassette may also be one that is
naturally occurring but has been obtained in a recombinant
form useful for heterologous expression. The expression of
the nucleotide sequence in the expression cassette may be
under the control of a constitutive promoter or of an regulat-
able promoter that initiates transcription only when the host
cell is exposed to some particular stimulus. In the case of a
multicellular organism, the promoter can also be specific to a
particular tissue or organ or stage of development.

Such expression cassettes can include a transcriptional
initiation region linked to a nucleotide sequence of interest.
Such an expression cassette is provided with a plurality of
restriction sites for insertion of the gene of interest to be under
the transcriptional regulation of the regulatory regions. The
expression cassette may additionally contain selectable
marker genes.

“Coding sequence” refers to a DNA or RNA sequence that
codes for a specific amino acid sequence. It may constitute an
“uninterrupted coding sequence”, i.e., lacking an intron, such
as in a cDNA, or it may include one or more introns bounded
by appropriate splice junctions. An “intron” is a sequence of
RNA thatis contained in the primary transcript but is removed
through cleavage and re-ligation of the RNA within the cell to
create the mature mRNA that can be translated into a protein.

The term “open reading frame” (ORF) refers to the
sequence between translation initiation and termination
codons of a coding sequence. The terms “initiation codon”
and “termination codon” refer to a unit of three adjacent
nucleotides (a ‘codon’) in a coding sequence that specifies
initiation and chain termination, respectively, of protein syn-
thesis (mRNA translation).

“Functional RNA” refers to sense RNA, antisense RNA,
ribozyme RNA, siRNA, or other RNA that may not be trans-
lated but yet has an effect on at least one cellular process.

The term “RNA transcript” or “transcript” refers to the
product resulting from RNA polymerase catalyzed transcrip-
tion of a DNA sequence. When the RNA transcript is a perfect
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complementary copy of the DNA sequence, it is referred to as
the primary transcript or it may be a RNA sequence derived
from posttranscriptional processing of the primary transcript
and is referred to as the mature RNA. “Messenger RNA”
(mRNA) refers to the RNA that is without introns and that can
be translated into protein by the cell. “cDNA™ refers to a
single- or a double-stranded DNA that is complementary to
and derived from mRNA.

“Regulatory sequences” are nucleotide sequences located
upstream (5' non-coding sequences), within, or downstream
(3' non-coding sequences) of a coding sequence, and which
influence the transcription, RNA processing or stability, or
translation of the associated coding sequence. Regulatory
sequences include enhancers, promoters, translation leader
sequences, introns, and polyadenylation signal sequences.
They include natural and synthetic sequences as well as
sequences that may be a combination of synthetic and natural
sequences. As is noted above, the term “suitable regulatory
sequences” is not limited to promoters. However, some suit-
able regulatory sequences useful in the present invention will
include, but are not limited to constitutive promoters, tissue-
specific promoters, development-specific promoters, regulat-
able promoters and viral promoters.

“5' non-coding sequence” refers to a nucleotide sequence
located 5' (upstream) to the coding sequence. It is present in
the fully processed mRNA upstream of the initiation codon
and may affect processing of the primary transcriptto mRNA,
mRNA stability or translation efficiency (Turner et al., 1995).

“3' non-coding sequence” refers to nucleotide sequences
located 3' (downstream) to a coding sequence and may
include polyadenylation signal sequences and other
sequences encoding regulatory signals capable of affecting
mRNA processing or gene expression. The polyadenylation
signal is usually characterized by affecting the addition of
polyadenylic acid tracts to the 3' end of the mRNA precursor.

The term “translation leader sequence” refers to that DNA
sequence portion of a gene between the promoter and coding
sequence that is transcribed into RNA and is present in the
fully processed mRNA upstream (5') of the translation start
codon. The translation leader sequence may affect processing
of'the primary transcript to mRNA, mRNA stability or trans-
lation efficiency.

The term “mature” protein refers to a post-translationally
processed polypeptide without its signal peptide. “Precursor”
protein refers to the primary product of translation of an
mRNA. “Signal peptide” refers to the amino terminal exten-
sion of a polypeptide, which is translated in conjunction with
the polypeptide forming a precursor peptide and which is
required for its entrance into the secretory pathway. The term
“signal sequence” refers to a nucleotide sequence that
encodes the signal peptide.

“Promoter” refers to a nucleotide sequence, usually
upstream (5') to its coding sequence, which directs and/or
controls the expression of the coding sequence by providing
the recognition for RNA polymerase and other factors
required for proper transcription. “Promoter” includes a
minimal promoter that is a short DNA sequence comprised of
a TATA-box and other sequences that serve to specify the site
of transcription initiation, to which regulatory elements are
added for control of expression. “Promoter” also refers to a
nucleotide sequence that includes a minimal promoter plus
regulatory elements that is capable of controlling the expres-
sion of a coding sequence or functional RNA. This type of
promoter sequence consists of proximal and more distal
upstream elements, the latter elements often referred to as
enhancers. Accordingly, an “enhancer” is a DNA sequence
that can stimulate promoter activity and may be an innate
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element of the promoter or a heterologous element inserted to
enhance the level or tissue specificity of a promoter. It is
capable of operating in both orientations (normal or flipped),
and is capable of functioning even when moved either
upstream or downstream from the promoter. Both enhancers
and other upstream promoter elements bind sequence-spe-
cific DNA-binding proteins that mediate their effects. Pro-
moters may be derived in their entirety from a native gene, or
be composed of different elements derived from different
promoters found in nature, or even be comprised of synthetic
DNA segments. A promoter may also contain DNA
sequences that are involved in the binding of protein factors
that control the effectiveness of transcription initiation in
response to physiological or developmental conditions.
Examples of promoters that may be used in the present inven-
tion include the mouse U6 RNA promoters, synthetic human
H1RNA promoters, SV40, CMV, RSV, RNA polymerase 11
and RNA polymerase 111 promoters.

The “initiation site” is the position surrounding the first
nucleotide that is part of the transcribed sequence, which is
also defined as position +1. With respect to this site all other
sequences of the gene and its controlling regions are num-
bered. Downstream sequences (L e., further protein encoding
sequences in the 3' direction) are denominated positive, while
upstream sequences (mostly of the controlling regions in the
5' direction) are denominated negative.

Promoter elements, particularly a TATA element, that are
inactive or that have greatly reduced promoter activity in the
absence of upstream activation are referred to as “minimal or
core promoters.” In the presence of a suitable transcription
factor, the minimal promoter functions to permit transcrip-
tion. A “minimal or core promoter” thus consists only of all
basal elements needed for transcription initiation, e.g., a
TATA box and/or an initiator.

“Constitutive expression” refers to expression using a con-
stitutive or regulated promoter. “Conditional” and “regulated
expression” refer to expression controlled by a regulated pro-
moter.

“Operably-linked” refers to the association of nucleic acid
sequences on single nucleic acid fragment so that the function
of'one of the sequences is affected by another. For example, a
regulatory DNA sequence is said to be “operably linked to” or
“associated with” a DNA sequence that codes for an RNA or
a polypeptide if the two sequences are situated such that the
regulatory DNA sequence affects expression of the coding
DNA sequence (i.e., that the coding sequence or functional
RNA is under the transcriptional control of the promoter).
Coding sequences can be operably-linked to regulatory
sequences in sense or antisense orientation.

“Expression” refers to the transcription and/or translation
of an endogenous gene, heterologous gene or nucleic acid
segment, or a transgene in cells. For example, in the case of
siRNA constructs, expression may refer to the transcription of
the siRNA only. In addition, expression refers to the tran-
scription and stable accumulation of sense (mRNA) or func-
tional RNA. Expression may also refer to the production of
protein.

“Altered levels™ refers to the level of expression in trans-
genic cells or organisms that differs from that of normal or
untransformed cells or organisms.

“Overexpression” refers to the level of expression in trans-
genic cells or organisms that exceeds levels of expression in
normal or untransformed cells or organisms.

“Antisense inhibition” refers to the production of antisense
RNA transcripts capable of suppressing the expression of
protein from an endogenous gene or a transgene.
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“Transcription stop fragment” refers to nucleotide
sequences that contain one or more regulatory signals, such as
polyadenylation signal sequences, capable of terminating
transcription. Examples include the 3' non-regulatory regions
of'genes encoding nopaline synthase and the small subunit of
ribulose bisphosphate carboxylase.

“Translation stop fragment” refers to nucleotide sequences
that contain one or more regulatory signals, such as one or
more termination codons in all three frames, capable of ter-
minating translation. Insertion of a translation stop fragment
adjacent to or near the initiation codon at the 5' end of the
coding sequence will result in no translation or improper
translation. Excision of the translation stop fragment by site-
specific recombination will leave a site-specific sequence in
the coding sequence that does not interfere with proper trans-
lation using the initiation codon.

The terms “cis-acting sequence” and “cis-acting element”
refer to DNA or RNA sequences whose functions require
them to be on the same molecule. An example of a cis-acting
sequence on the replicon is the viral replication origin.

The terms “trans-acting sequence” and “trans-acting ele-
ment” refer to DNA or RNA sequences whose function does
not require them to be on the same molecule.

“Chromosomally-integrated” refers to the integration of a
foreign gene or nucleic acid construct into the host DNA by
covalent bonds. Where genes are not “chromosomally inte-
grated” they may be “transiently expressed.” Transient
expression of a gene refers to the expression of a gene that is
not integrated into the host chromosome but functions inde-
pendently, either as part of an autonomously replicating plas-
mid or expression cassette, for example, or as part of another
biological system such as a virus.

The following terms are used to describe the sequence
relationships between two or more nucleic acids or poly-
nucleotides: (a) “reference sequence,” (b) “comparison win-
dow,” (c¢) “sequence identity,” (d) “percentage of sequence
identity,” and (e) “substantial identity.”

(a) As used herein, “reference sequence” is a defined
sequence used as a basis for sequence comparison. A refer-
ence sequence may be a subset or the entirety of a specified
sequence; for example, as a segment of a full-length cDNA or
gene sequence, or the complete cDNA or gene sequence.

(b) As used herein, “comparison window” makes reference
to a contiguous and specified segment of a polynucleotide
sequence, wherein the polynucleotide sequence in the com-
parison window may comprise additions or deletions (i.e.,
gaps) compared to the reference sequence (which does not
comprise additions or deletions) for optimal alignment of the
two sequences. Generally, the comparison window is at least
20 contiguous nucleotides in length, and optionally can be 30,
40, 50, 100, or longer. Those of skill in the art understand that
to avoid a high similarity to a reference sequence due to
inclusion of gaps in the polynucleotide sequence a gap pen-
alty is typically introduced and is subtracted from the number
of matches.

Methods of alignment of sequences for comparison are
well-known in the art. Thus, the determination of percent
identity between any two sequences can be accomplished
using a mathematical algorithm.

Computer implementations of these mathematical algo-
rithms can be utilized for comparison of sequences to deter-
mine sequence identity. Such implementations include, but
are not limited to: CLUSTAL in the PC/Gene program (avail-
able from Intelligenetics, Mountain View, Calif.); the ALIGN
program (Version 2.0) and GAP, BESTFIT, BLAST, FASTA,
and TFASTA in the Wisconsin Genetics Software Package,
Version 8 (available from Genetics Computer Group (GCG),
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575 Science Drive, Madison, Wis., USA). Alignments using
these programs can be performed using the default param-
eters.

Software for performing BLAST analyses is publicly
available through the National Center for Biotechnology
Information. This algorithm involves first identifying high
scoring sequence pairs (HSPs) by identifying short words of
length W in the query sequence, which either match or satisfy
some positive-valued threshold score T when aligned with a
word of the same length in a database sequence. T is referred
to as the neighborhood word score threshold. These initial
neighborhood word hits act as seeds for initiating searches to
find longer HSPs containing them. The word hits are then
extended in both directions along each sequence for as far as
the cumulative alignment score can be increased. Cumulative
scores are calculated using, for nucleotide sequences, the
parameters M (reward score for a pair of matching residues;
always >0) and N (penalty score for mismatching residues;
always<0). For amino acid sequences, a scoring matrix is
used to calculate the cumulative score. Extension of the word
hits in each direction are halted when the cumulative align-
ment score falls off by the quantity X from its maximum
achieved value, the cumulative score goes to zero or below
due to the accumulation of one or more negative-scoring
residue alignments, or the end of either sequence is reached.

In addition to calculating percent sequence identity, the
BLAST algorithm also performs a statistical analysis of the
similarity between two sequences. One measure of similarity
provided by the BLAST algorithm is the smallest sum prob-
ability (P(N)), which provides an indication of the probability
by which a match between two nucleotide sequences would
occur by chance. For example, a test nucleic acid sequence is
considered similar to a reference sequence if the smallest sum
probability in a comparison of the test nucleic acid sequence
to the reference nucleic acid sequence is less than about 0.1,
more preferably less than about 0.01, and most preferably less
than about 0.001.

To obtain gapped alignments for comparison purposes,
Gapped BLAST (in BLAST 2.0) can be utilized. Alterna-
tively, PSI-BLAST (in BLAST 2.0) canbe used to perform an
iterated search that detects distant relationships between mol-
ecules. When utilizing BLAST, Gapped BLAST, PSI-
BLAST, the default parameters of the respective programs
(e.g. BLASTN for nucleotide sequences) can be used. The
BLASTN program (for nucleotide sequences) uses as
defaults a wordlength (W) of 11, an expectation (E) of 10, a
cutoff of 100, M=5, N=-4, and a comparison of both strands.
Alignment may also be performed manually by inspection.

For purposes of the present invention, comparison of
nucleotide sequences for determination of percent sequence
identity to the promoter sequences disclosed herein is prefer-
ably made using the BlastN program (version 1.4.7 or later)
with its default parameters or any equivalent program. By
“equivalent program” is intended any sequence comparison
program that, for any two sequences in question, generates an
alignment having identical nucleotide matches and an iden-
tical percent sequence identity when compared to the corre-
sponding alignment generated by the preferred program.

(c) As used herein, “sequence identity” or “identity” in the
context of two nucleic acid sequences makes reference to a
specified percentage of nucleotides in the two sequences that
are the same when aligned for maximum correspondence
over a specified comparison window, as measured by
sequence comparison algorithms or by visual inspection.

(d) As used herein, “percentage of sequence identity”
means the value determined by comparing two optimally
aligned sequences over a comparison window, wherein the
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portion of the polynucleotide sequence in the comparison
window may comprise additions or deletions (i.e., gaps) as
compared to the reference sequence (which does not com-
prise additions or deletions) for optimal alignment of the two
sequences. The percentage is calculated by determining the
number of positions at which the identical nucleic acid base or
amino acid residue occurs in both sequences to yield the
number of matched positions, dividing the number of
matched positions by the total number of positions in the
window of comparison, and multiplying the result by 100 to
yield the percentage of sequence identity.

(e) The term “substantial identity” of polynucleotide
sequences means that a polynucleotide comprises a sequence
that has at least 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%,
78%, or 79%, preferably at least 80%, 81%, 82%, 83%, 84%,
85%, 86%, 87%, 88%, or 89%, more preferably at least 90%,
91%, 92%, 93%, or 94%, and most preferably at least 95%,
96%, 97%, 98%, or 99% sequence identity, compared to a
reference sequence using one of the alignment programs
described using standard parameters.

Another indication that nucleotide sequences are substan-
tially identical is if two molecules hybridize to each other
under stringent conditions. Generally, stringent conditions
are selected to be about 5° C. lower than the thermal melting
point (Tm) for the specific sequence at a defined ionic
strength and pH. However, stringent conditions encompass
temperatures in the range of about 1° C. to about 20° C.,
depending upon the desired degree of stringency as otherwise
qualified herein.

For sequence comparison, typically one sequence acts as a
reference sequence to which test sequences are compared.
When using a sequence comparison algorithm, test and ref-
erence sequences are input into a computer, subsequence
coordinates are designated if necessary, and sequence algo-
rithm program parameters are designated. The sequence com-
parison algorithm then calculates the percent sequence iden-
tity for the test sequence(s) relative to the reference sequence,
based on the designated program parameters.

As noted above, another indication that two nucleic acid
sequences are substantially identical is that the two molecules
hybridize to each other under stringent conditions. The phrase
“hybridizing specifically to” refers to the binding, duplexing,
or hybridizing of a molecule only to a particular nucleotide
sequence under stringent conditions when that sequence is
present in a complex mixture (e.g., total cellular) DNA or
RNA. “Bind(s) substantially” refers to complementary
hybridization between a probe nucleic acid and a target
nucleic acid and embraces minor mismatches that can be
accommodated by reducing the stringency of the hybridiza-
tion media to achieve the desired detection of the target
nucleic acid sequence.

“Stringent hybridization conditions” and “stringent
hybridization wash conditions™ in the context of nucleic acid
hybridization experiments such as Southern and Northern
hybridizations are sequence dependent, and are different
under different environmental parameters. [.onger sequences
hybridize specifically at higher temperatures. The Tm is the
temperature (under defined ionic strength and pH) at which
50% of the target sequence hybridizes to a perfectly matched
probe. Specificity is typically the function of post-hybridiza-
tion washes, the critical factors being the ionic strength and
temperature of the final wash solution. For DNA-DNA
hybrids, the Tm can be approximated from the equation of
Meinkoth and Wahl (1984); Tm 81.5° C.+16.6 (log M)+0.41
(% GC)-0.61 (% form)-500/L; where M is the molarity of
monovalent cations, % GC is the percentage of guanosine and
cytosine nucleotides in the DNA, % form is the percentage of
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formamide in the hybridization solution, and L. is the length of
the hybrid in base pairs. Tm is reduced by about 1° C. for each
1% of mismatching; thus, Tm, hybridization, and/or wash
conditions can be adjusted to hybridize to sequences of the
desired identity. For example, if sequences with >90% iden-
tity are sought, the Tm can be decreased 10° C. Generally,
stringent conditions are selected to be about 5° C. lower than
the thermal melting point (Tm) for the specific sequence and
its complement at a defined ionic strength and pH. However,
severely stringent conditions can utilize a hybridization and/
orwashat1,2,3, or4° C.lower than the thermal melting point
(Tm); moderately stringent conditions can utilize a hybrid-
ization and/or wash at 6, 7, 8, 9, or 10° C. lower than the
thermal melting point (Tm); low stringency conditions can
utilize a hybridization and/orwash at 11, 12, 13, 14, 15, or 20°
C. lower than the thermal melting point (Tm). Using the
equation, hybridization and wash compositions, and desired
T, those of ordinary skill will understand that variations in the
stringency of hybridization and/or wash solutions are inher-
ently described. If the desired degree of mismatching results
in a T of less than 45° C. (aqueous solution) or 32° C. (for-
mamide solution), it is preferred to increase the SSC concen-
tration so that a higher temperature can be used. An extensive
guide to the hybridization of nucleic acids is found in Tijssen
(1993). Generally, highly stringent hybridization and wash
conditions are selected to be about 5° C. lower than the
thermal melting point (Tm) for the specific sequence at a
defined ionic strength and pH.

An example of highly stringent wash conditions is 0.15 M
NaCl at 72° C. for about 15 minutes. An example of stringent
wash conditions is a 0.2xSSC wash at 65° C. for 15 minutes
(see, Sambrook and Russell 2001, for a description of SSC
buffer). Often, a high stringency wash is preceded by a low
stringency wash to remove background probe signal. For
short nucleic acid sequences (e.g., about 10 to 50 nucle-
otides), stringent conditions typically involve salt concentra-
tions of less than about 1.5 M, more preferably about 0.01 to
1.0 M, Na ion concentration (or other salts) at pH 7.0 to 8.3,
and the temperature is typically at least about 30° C. Stringent
conditions may also be achieved with the addition of desta-
bilizing agents such as formamide. In general, a signal to
noise ratio of 2x (or higher) than that observed for an unre-
lated probe in the particular hybridization assay indicates
detection of a specific hybridization. Very stringent condi-
tions are selected to be equal to the Tm for a particular nucleic
acid molecule.

Very stringent conditions are selected to be equaltothe T,
for a particular probe. An example of stringent conditions for
hybridization of complementary nucleic acids which have
more than 100 complementary residues on a filter in a South-
ern or Northern blot is 50% formamide, e.g., hybridization in
50% formamide, 1 M NaCl, 1% SDS at 37° C., and a wash in
0.1xSSC at 60to 65° C. Exemplary low stringency conditions
include hybridization with a buffer solution of 30 to 35%
formamide, 1M NaCl, 1% SDS (sodium dodecyl sulfate) at
37°C.,and a wash in 1x to 2xSSC (20xSSC=3.0 M NaCl/0.3
M trisodium citrate) at 50 to 55° C. Exemplary moderate
stringency conditions include hybridization in 40 to 45%
formamide, 1.0 M NaCl, 1% SDS at 37° C., and a wash in
0.5x to 1xSSC at 55 to 60° C.

The term “transformation” refers to the transfer of anucleic
acid fragment into the genome of a host cell, resulting in
genetically stable inheritance. A “host cell” is a cell that has
been transformed, or is capable of transformation, by an
exogenous nucleic acid molecule. Host cells containing the
transformed nucleic acid fragments are referred to as “trans-
genic” cells.
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“Transformed,” “transduced,” “transgenic” and “recombi-
nant” refer to a host cell into which a heterologous nucleic
acid molecule has been introduced. As used herein the term
“transfection” refers to the delivery of DNA into eukaryotic
(e.g., mammalian) cells. The term “transformation” is used
herein to refer to delivery of DNA into prokaryotic (e.g., E.
coli) cells. The term “transduction” is used herein to refer to
infecting cells with viral particles. The nucleic acid molecule
can be stably integrated into the genome generally known in
the art. Known methods of PCR include, but are not limited
to, methods using paired primers, nested primers, single spe-
cific primers, degenerate primers, gene-specific primers, vec-
tor-specific primers, partially mismatched primers, and the
like. For example, “transformed,” “transformant,” and “trans-
genic” cells have been through the transformation process
and contain a foreign gene integrated into their chromosome.
The term “untransformed” refers to normal cells that have not
been through the transformation process.

“Genetically altered cells” denotes cells which have been
modified by the introduction of recombinant or heterologous
nucleic acids (e.g., one or more DNA constructs or their RNA
counterparts) and further includes the progeny of such cells
which retain part or all of such genetic modification.

As used herein, the term “derived” or “directed to” with
respect to a nucleotide molecule means that the molecule has
complementary sequence identity to a particular molecule of
interest.

“Gene silencing” refers to the suppression of gene expres-
sion, e.g., transgene, heterologous gene and/or endogenous
gene expression. Gene silencing may be mediated through
processes that affect transcription and/or through processes
that affect post-transcriptional mechanisms. In some embodi-
ments, gene silencing occurs when siRNA initiates the deg-
radation of the mRNA of a gene of interest in a sequence-
specific manner via RNA interference (for a review, see
Brantl, 2002). In some embodiments, gene silencing may be
allele-specific. “Allele-specific” gene silencing refers to the
specific silencing of one allele of a gene.

“Knock-down,” “knock-down technology” refers to a tech-
nique of gene silencing in which the expression of a target
gene is reduced as compared to the gene expression prior to
the introduction of the siRNA, which can lead to the inhibi-
tion of production of the target gene product. The term
“reduced” is used herein to indicate that the target gene
expression is lowered by 1-100%. For example, the expres-
sion may be reduced by 10, 20, 30, 40, 50, 60, 70, 80, 90, 95,
oreven 99%. Knock-down of gene expression can be directed
by the use of dsRNAs or siRNAs. For example, “RNA inter-
ference (RNAIi),” which can involve the use of siRNA, has
been successfully applied to knockdown the expression of
specific genes in plants, D. melanogaster, C. elegans, trypa-
nosomes, planaria, hydra, and several vertebrate species
including the mouse. For a review of the mechanisms pro-
posed to mediate RNAI, please refer to Bass et al., 2001,
Elbashir et al., 2001 or Brantl 2002.

“RNA interference (RNAi)” is the process of sequence-
specific, post-transcriptional gene silencing initiated by
siRNA. RNAi is seen in a number of organisms such as
Drosophila, nematodes, fungi and plants, and is believed to
be involved in anti-viral defense, modulation of transposon
activity, and regulation of gene expression. During RNAI,
siRNA induces degradation of target mRNA with consequent
sequence-specific inhibition of gene expression.

A “small interfering” or “short interfering RNA” or siRNA
is a RNA duplex of nucleotides that is targeted to a gene
interest. A “RNA duplex” refers to the structure formed by the
complementary pairing between two regions of a RNA mol-
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ecule. siRNA is “targeted” to a gene in that the nucleotide
sequence of the duplex portion of the siRNA is complemen-
tary to a nucleotide sequence of the targeted gene. In some
embodiments, the length of the duplex of siRNAs is less than
30 nucleotides. In some embodiments, the duplex can be 29,
28,27,26,25,24,23,22,21,20,19,18,17,16,15,14,13, 12,
11 or 10 nucleotides in length. In some embodiments, the
length of the duplex is 19-25 nucleotides in length. The RNA
duplex portion of the siRNA can be part of a hairpin structure.
In addition to the duplex portion, the hairpin structure may
contain a loop portion positioned between the two sequences
that form the duplex. The loop can vary in length. In some
embodiments the loop is 5, 6, 7, 8, 9, 10, 11, 12 or 13 nucle-
otides in length. The hairpin structure can also contain 3' or 5'
overhang portions. In some embodiments, the overhang is a 3'
or a 5' overhang 0, 1, 2, 3, 4 or 5 nucleotides in length.
Examples of shRNA specific for huntingin are encoded by the
DNA sequences provided in FIG. 20. The “sense” and “anti-
sense” sequences can be used with or without the loop region
indicated to form siRNA molecules. Other loop regions can
be substituted for the examples provided in this chart. As used
herein, the term siRNA is meant to be equivalent to other
terms used to describe nucleic acid molecules that are capable
of mediating sequence specific RNAI, for example, double-
stranded RNA (dsRNA), micro-RNA (miRNA), short hairpin
RNA (shRNA), short interfering oligonucleotide, short inter-
fering nucleic acid, post-transcriptional gene silencing RNA
(ptgsRNA), and others. In addition, as used herein, the term
RNAI is meant to be equivalent to other terms used to describe
sequence specific RNA interference, such as post transcrip-
tional gene silencing, translational inhibition, or epigenetic
silencing. For example, siRNA molecules of the invention
can be used to epigenetically silence genes at both the post-
transcriptional level or the pre-transcriptional level. In a non-
limiting example, epigenetic modulation of gene expression
by siRNA molecules of the invention can result from siRNA
mediated modification of chromatin structure or methylation
pattern to alter gene expression (see, for example, Verdel et
al., 2004, Science, 303, 672-676; Pal-Bhadra et al., 2004,
Science, 303, 669-672; Allshire, 2002, Science, 297, 1818-
1819; Volpe et al., 2002, Science, 297, 1833-1837; Jenuwein,
2002, Science, 297,2215-2218; and Hall et al., 2002, Science,
297, 2232-2237). In another non-limiting example, modula-
tion of gene expression by siRNA molecules of the invention
can result from siRNA mediated cleavage of RNA (either
coding or non-coding RNA) via RISC, or alternately, trans-
lational inhibition as is known in the art.

The siRNA can be encoded by anucleic acid sequence, and
the nucleic acid sequence can also include a promoter. The
nucleic acid sequence can also include a polyadenylation
signal. In some embodiments, the polyadenylation signal is a
synthetic minimal polyadenylation signal.

“Treating” as used herein refers to ameliorating at least one
symptom of, curing and/or preventing the development of a
disease or a condition.

“Neurological disease” and “neurological disorder” refer
to both hereditary and sporadic conditions that are character-
ized by nervous system dysfunction, and which may be asso-
ciated with atrophy of the affected central or peripheral ner-
vous system structures, or loss of function without atrophy. A
neurological disease or disorder that results in atrophy is
commonly called a “neurodegenerative disease” or “neuro-
degenerative disorder.” Neurodegenerative diseases and dis-
orders include, but are not limited to, amyotrophic lateral
sclerosis (ALS), hereditary spastic hemiplegia, primary lat-
eral sclerosis, spinal muscular atrophy, Kennedy’s disease,
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
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and repeat expansion neurodegenerative diseases, e.g., dis-
eases associated with expansions of trinucleotide repeats
such as polyglutamine (polyQ) repeat diseases, e.g., Hunting-
ton’s disease (HD), spinocerebellar ataxia (SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17), spinal and bulbar muscu-
lar atrophy (SBMA), dentatorubropallidoluysian atrophy
(DRPLA).

An example of a neurological disorder that does not appear to
result in atrophy is DYT1 dystonia.

The siRNAs of the present invention can be generated by
any method known to the art, for example, by in vitro tran-
scription, recombinantly, or by synthetic means. In one
example, the siRNAs can be generated in vitro by using a
recombinant enzyme, such as T7 RNA polymerase, and DNA
oligonucleotide templates.

II. Nucleic Acid Molecules of the Invention

The terms “isolated and/or purified” refer to in vitro isola-
tion of a nucleic acid, e.g., a DNA or RNA molecule from its
natural cellular environment, and from association with other
components of the cell, such as nucleic acid or polypeptide, so
that it can be sequenced, replicated, and/or expressed. For
example, “isolated nucleic acid” may be a DNA molecule
containing less than 31 sequential nucleotides that is tran-
scribed into an siRNA. Such an isolated siRNA may, for
example, form a hairpin structure with a duplex 21 base pairs
in length that is complementary or hybridizes to a sequence in
a gene of interest, and remains stably bound under stringent
conditions (as defined by methods well known in the art, e.g.,
in Sambrook and Russell, 2001). Thus, the RNA or DNA is
“isolated” in that it is free from at least one contaminating
nucleic acid with which it is normally associated in the natural
source of the RNA or DNA and is preferably substantially
free of any other mammalian RNA or DNA. The phrase “free
from at least one contaminating source nucleic acid with
which it is normally associated” includes the case where the
nucleic acid is reintroduced into the source or natural cell but
is in a different chromosomal location or is otherwise flanked
by nucleic acid sequences not normally found in the source
cell, e.g., in a vector or plasmid.

In addition to a DNA sequence encoding a siRNA, the
nucleic acid molecules of the invention include double-
stranded interfering RNA molecules, which are also useful to
inhibit expression of a target gene.

As used herein, the term “recombinant nucleic acid”, e.g.,
“recombinant DNA sequence or segment” refers to a nucleic
acid, e.g., to DNA, that has been derived or isolated from any
appropriate cellular source, that may be subsequently chemi-
cally altered in vitro, so that its sequence is not naturally
occurring, or corresponds to naturally occurring sequences
that are not positioned as they would be positioned in a
genome which has not been transformed with exogenous
DNA. An example of preselected DNA “derived” from a
source, would be a DNA sequence that is identified as a useful
fragment within a given organism, and which is then chemi-
cally synthesized in essentially pure form. An example of
such DNA “isolated” from a source would be a useful DNA
sequence that is excised or removed from said source by
chemical means, e.g., by the use of restriction endonucleases,
so that it can be further manipulated, e.g., amplified, for use in
the invention, by the methodology of genetic engineering.

Thus, recovery or isolation of a given fragment of DNA
from a restriction digest can employ separation of the digest
on polyacrylamide or agarose gel by electrophoresis, identi-
fication of the fragment of interest by comparison of its
mobility versus that of marker DNA fragments of known
molecular weight, removal of the gel section containing the
desired fragment, and separation of the gel from DNA. There-
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fore, “recombinant DNA” includes completely synthetic
DNA sequences, semi-synthetic DNA sequences, DNA
sequences isolated from biological sources, and DNA
sequences derived from RNA, as well as mixtures thereof.

Nucleic acid molecules having base substitutions (i.e.,
variants) are prepared by a variety of methods known in the
art. These methods include, but are not limited to, isolation
from a natural source (in the case of naturally occurring
sequence variants) or preparation by oligonucleotide-medi-
ated (or site-directed) mutagenesis, PCR mutagenesis, and
cassette mutagenesis of an earlier prepared variant or a non-
variant version of the nucleic acid molecule.

Oligonucleotide-mediated mutagenesis is a method for
preparing substitution variants. This technique is known in
the art as described by Adelman et al. (1983). Briefly, nucleic
acid encoding a siRNA can be altered by hybridizing an
oligonucleotide encoding the desired mutation to a DNA
template, where the template is the single-stranded form of'a
plasmid or bacteriophage containing the unaltered or native
gene sequence. After hybridization, a DNA polymerase is
used to synthesize an entire second complementary strand of
the template that will thus incorporate the oligonucleotide
primer, and will code for the selected alteration in the nucleic
acid encoding siRNA. Generally, oligonucleotides of at least
25 nucleotides in length are used. An optimal oligonucleotide
will have 12 to 15 nucleotides that are completely comple-
mentary to the template on either side of the nucleotide(s)
coding for the mutation. This ensures that the oligonucleotide
will hybridize properly to the single-stranded DNA template
molecule. The oligonucleotides are readily synthesized using
techniques known in the art.

The DNA template can be generated by those vectors that
are either derived from bacteriophage M 13 vectors (the com-
mercially available M13 mp 18 and M13 mp 19 vectors are
suitable), or those vectors that contain a single-stranded
phage origin of replication. Thus, the DNA that is to be
mutated may be inserted into one of these vectors to generate
single-stranded template. Production of the single-stranded
template is described in Chapter 3 of Sambrook and Russell,
2001. Alternatively, single-stranded DNA template may be
generated by denaturing double-stranded plasmid (or other)
DNA using standard techniques.

For alteration of the native DNA sequence (to generate
amino acid sequence variants, for example), the oligonucle-
otide is hybridized to the single-stranded template under suit-
able hybridization conditions. A DNA polymerizing enzyme,
usually the Klenow fragment of DNA polymerase I, is then
added to synthesize the complementary strand of the template
using the oligonucleotide as a primer for synthesis. A hetero-
duplex molecule is thus formed such that one strand of DNA
encodes the mutated form of the DNA, and the other strand
(the original template) encodes the native, unaltered sequence
of'the DNA. This heteroduplex molecule is then transformed
into a suitable host cell, usually a prokaryote such as E. coli
JM101. After the cells are grown, they are plated onto agarose
plates and screened using the oligonucleotide primer radio-
labeled with 32-phosphate to identify the bacterial colonies
that contain the mutated DNA. The mutated region is then
removed and placed in an appropriate vector, generally an
expression vector of the type typically employed for transfor-
mation of an appropriate host.

The method described immediately above may be modi-
fied such that a homoduplex molecule is created wherein both
strands of the plasmid contain the mutations(s). The modifi-
cations are as follows: The single-stranded oligonucleotide is
annealed to the single-stranded template as described above.
A mixture of three deoxyribonucleotides, deoxyriboadenos-
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ine (dATP), deoxyriboguanosine (dGTP), and deoxyribothy-
midine (dTTP), is combined with a modified thiodeoxyrib-
ocytosine called dCTP-(*S) (which can be obtained from the
Amersham Corporation). This mixture is added to the tem-
plate-oligonucleotide complex. Upon addition of DNA poly-
merase to this mixture, a strand of DNA identical to the
template except for the mutated bases is generated. In addi-
tion, this new strand of DNA will contain dCTP-(*S) instead
of dCTP, which serves to protect it from restriction endonu-
clease digestion.

After the template strand of the double-stranded heterodu-
plex is nicked with an appropriate restriction enzyme, the
template strand can be digested with Exolll nuclease or
another appropriate nuclease past the region that contains the
site(s) to be mutagenized. The reaction is then stopped to
leave a molecule that is only partially single-stranded. A
complete double-stranded DNA homoduplex is then formed
using DNA polymerase in the presence of all four deoxyri-
bonucleotide triphosphates, ATP, and DNA ligase. This
homoduplex molecule can then be transformed into a suitable
host cell such as £. coli IM101.

There are well-established criteria for designing siRNAs
(see, e.g., Elbashire et al., 2001a, 2001b, 2001c¢). Details can
be found in the websites of several commercial vendors such
as Ambion, Dharmacon and Oligoengine. However, since the
mechanism for siRNAs suppressing gene expression is not
entirely understood and siRNAs selected from different
regions of the same gene do not work as equally effective,
very often a number of siRNAs have to be generated at the
same time in order to compare their effectiveness.

III. Expression Cassettes of the Invention

To prepare expression cassettes, the recombinant DNA
sequence or segment may be circular or linear, double-
stranded or single-stranded. Generally, the DNA sequence or
segment is in the form of chimeric DNA, such as plasmid
DNA or a vector that can also contain coding regions flanked
by control sequences that promote the expression of the
recombinant DNA present in the resultant transformed cell.

A “chimeric” vector or expression cassette, as used herein,
means a vector or cassette including nucleic acid sequences
from at least two different species, or has a nucleic acid
sequence from the same species that is linked or associated in
amanner that does not occur in the “native” or wild type of the
species.

Aside from recombinant DNA sequences that serve as
transcription units for an RNA transcript, or portions thereof,
a portion of the recombinant DNA may be untranscribed,
serving a regulatory or a structural function. For example, the
recombinant DNA may have a promoter that is active in
mammalian cells.

Other elements functional in the host cells, such as introns,
enhancers, polyadenylation sequences and the like, may also
be a part of the recombinant DNA. Such elements may or may
not be necessary for the function of the DNA, but may provide
improved expression of the DNA by affecting transcription,
stability of the siRNA, or the like. Such elements may be
included in the DNA as desired to obtain the optimal perfor-
mance of the siRNA in the cell.

Control sequences are DNA sequences necessary for the
expression of an operably linked coding sequence in a par-
ticular host organism. The control sequences that are suitable
for prokaryotic cells, for example, include a promoter, and
optionally an operator sequence, and a ribosome binding site.
Eukaryotic cells are known to utilize promoters, polyadeny-
lation signals, and enhancers.

Operably linked nucleic acids are nucleic acids placed in a
functional relationship with another nucleic acid sequence.
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For example, a promoter or enhancer is operably linked to a
coding sequence if it affects the transcription of the sequence;
or a ribosome binding site is operably linked to a coding
sequence if it is positioned so as to facilitate translation.
Generally, operably linked DNA sequences are DNA
sequences that are linked are contiguous. However, enhancers
do not have to be contiguous. Linking is accomplished by
ligation at convenient restriction sites. If such sites do not
exist, the synthetic oligonucleotide adaptors or linkers are
used in accord with conventional practice.

The recombinant DNA to be introduced into the cells may
contain either a selectable marker gene or a reporter gene or
both to facilitate identification and selection of expressing
cells from the population of cells sought to be transfected or
infected through viral vectors. In other embodiments, the
selectable marker may be carried on a separate piece of DNA
and used in a co-transfection procedure. Both selectable
markers and reporter genes may be flanked with appropriate
regulatory sequences to enable expression in the host cells.
Usetful selectable markers are known in the art and include,
for example, antibiotic-resistance genes, such as neo and the
like.

Reporter genes are used for identifying potentially trans-
fected cells and for evaluating the functionality of regulatory
sequences. Reporter genes that encode for easily assayable
proteins are well known in the art. In general, a reporter gene
is a gene that is not present in or expressed by the recipient
organism or tissue and that encodes a protein whose expres-
sion is manifested by some easily detectable property, e.g.,
enzymatic activity. For example, reporter genes include the
chloramphenicol acetyl transferase gene (cat) from Tn9 of .
coli and the luciferase gene from firefly Photinus pyralis.
Expression of the reporter gene is assayed at a suitable time
after the DNA has been introduced into the recipient cells.

The general methods for constructing recombinant DNA
that can transfect target cells are well known to those skilled
in the art, and the same compositions and methods of con-
struction may be utilized to produce the DNA useful herein.
For example, Sambrook and Russell, infra, provides suitable
methods of construction.

The recombinant DNA can be readily introduced into the
host cells, e.g., mammalian, bacterial, yeast or insect cells by
transfection with an expression vector composed of DNA
encoding the siRNA by any procedure useful for the intro-
duction into a particular cell, e.g., physical or biological
methods, to yield a cell having the recombinant DNA stably
integrated into its genome or existing as a episomal element,
so that the DNA molecules, or sequences of the present inven-
tion are expressed by the host cell. Preferably, the DNA is
introduced into host cells via a vector. The host cell is pref-
erably of eukaryotic origin, e.g., plant, mammalian, insect,
yeast or fungal sources, but host cells of non-eukaryotic ori-
gin may also be employed.

Physical methods to introduce a preselected DNA into a
host cell include calcium phosphate precipitation, lipofec-
tion, particle bombardment, microinjection, electroporation,
and the like. Biological methods to introduce the DNA of
interest into a host cell include the use of DNA and RNA viral
vectors. For mammalian gene therapy, as described herein
below, it is desirable to use an efficient means of inserting a
copy gene into the host genome. Viral vectors, and especially
retroviral vectors, have become the most widely used method
for inserting genes into mammalian, e.g., human cells. Other
viral vectors can be derived from poxviruses, herpes simplex
virus I, adenoviruses and adeno-associated viruses, and the
like. See, for example, U.S. Pat. Nos. 5,350,674 and 5,585,
362.
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As discussed above, a “transfected”, “or “transduced” host
cell or cell line is one in which the genome has been altered or
augmented by the presence of at least one heterologous or
recombinant nucleic acid sequence. The host cells of the
present invention are typically produced by transfection with
a DNA sequence in a plasmid expression vector, a viral
expression vector, or as anisolated linear DNA sequence. The
transfected DNA can become a chromosomally integrated
recombinant DNA sequence, which is composed of sequence
encoding the siRNA.

To confirm the presence of the recombinant DNA sequence
in the host cell, a variety of assays may be performed. Such
assays include, for example, “molecular biological” assays
well known to those of skill in the art, such as Southern and
Northern blotting, RT-PCR and PCR; “biochemical” assays,
such as detecting the presence or absence of a particular
peptide, e.g., by immunological means (ELISAs and Western
blots) or by assays described herein to identify agents falling
within the scope of the invention.

To detect and quantitate RNA produced from introduced
recombinant DNA segments, RT-PCR may be employed. In
this application of PCR, it is first necessary to reverse tran-
scribe RNA into DNA, using enzymes such as reverse tran-
scriptase, and then through the use of conventional PCR
techniques amplify the DNA. In most instances PCR tech-
niques, while useful, will not demonstrate integrity of the
RNA product. Further information about the nature of the
RNA product may be obtained by Northern blotting. This
technique demonstrates the presence of an RNA species and
gives information about the integrity of that RNA. The pres-
ence or absence of an RNA species can also be determined
using dot or slot blot Northern hybridizations. These tech-
niques are modifications of Northern blotting and only dem-
onstrate the presence or absence of an RNA species.

While Southern blotting and PCR may be used to detect the
recombinant DNA segment in question, they do not provide
information as to whether the preselected DNA segment is
being expressed. Expression may be evaluated by specifically
identifying the peptide products of the introduced recombi-
nant DNA sequences or evaluating the phenotypic changes
brought about by the expression of the introduced recombi-
nant DNA segment in the host cell.

The instant invention provides a cell expression system for
expressing exogenous nucleic acid material in a mammalian
recipient. The expression system, also referred to as a “geneti-
cally modified cell”, comprises a cell and an expression vec-
tor for expressing the exogenous nucleic acid material. The
genetically modified cells are suitable for administrationto a
mammalian recipient, where they replace the endogenous
cells of the recipient. Thus, the preferred genetically modified
cells are non-immortalized and are non-tumorigenic.

According to one embodiment, the cells are transfected or
otherwise genetically modified ex vivo. The cells are isolated
from a mammal (preferably a human), nucleic acid intro-
duced (i.e., transduced or transfected in vitro) with a vector
for expressing a heterologous (e.g., recombinant) gene
encoding the therapeutic agent, and then administered to a
mammalian recipient for delivery of the therapeutic agent in
situ. The mammalian recipient may be a human and the cells
to be modified are autologous cells, i.e., the cells are isolated
from the mammalian recipient.

According to another embodiment, the cells are transfected
or transduced or otherwise genetically modified in vivo. The
cells from the mammalian recipient are transduced or trans-
fected in vivo with a vector containing exogenous nucleic
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acid material for expressing a heterologous (e.g., recombi-
nant) gene encoding a therapeutic agent and the therapeutic
agent is delivered in situ.

Asused herein, “exogenous nucleic acid material” refers to
a nucleic acid or an oligonucleotide, either natural or syn-
thetic, which is not naturally found in the cells; or if it is
naturally found in the cells, is modified from its original or
native form. Thus, “exogenous nucleic acid material”
includes, for example, a non-naturally occurring nucleic acid
that can be transcribed into an anti-sense RNA, a siRNA, as
well as a “heterologous gene” (i.e., a gene encoding a protein
that is not expressed or is expressed at biologically insignifi-
cant levels in a naturally-occurring cell of the same type). To
illustrate, a synthetic or natural gene encoding human eryth-
ropoietin (EPO) would be considered “exogenous nucleic
acid material” with respect to human peritoneal mesothelial
cells since the latter cells do not naturally express EPO. Still
another example of “exogenous nucleic acid material” is the
introduction of only part of a gene to create a recombinant
gene, such as combining an regulatable promoter with an
endogenous coding sequence via homologous recombina-
tion.

IV. Methods for Introducing the Expression Cassettes of
the Invention into Cells

The condition amenable to gene inhibition therapy may be
a prophylactic process, i.e., a process for preventing disease
or an undesired medical condition. Thus, the instant invention
embraces a system for delivering siRNA that has a prophy-
lactic function (i.e., a prophylactic agent) to the mammalian
recipient.

The inhibitory nucleic acid material (e.g., an expression
cassette encoding siRNA directed to a gene of interest) can be
introduced into the cell ex vivo or in vivo by genetic transfer
methods, such as transfection or transduction, to provide a
genetically modified cell. Various expression vectors (i.e.,
vehicles for facilitating delivery of exogenous nucleic acid
into a target cell) are known to one of ordinary skill in the art.

As used herein, “transfection of cells” refers to the acqui-
sition by a cell of new nucleic acid material by incorporation
of added DNA. Thus, transfection refers to the insertion of
nucleic acid into a cell using physical or chemical methods.
Several transfection techniques are known to those of ordi-
nary skill in the art including calcium phosphate DNA co-
precipitation, DEAE-dextran, electroporation, cationic lipo-
some-mediated transfection, tungsten particle-facilitated
microparticle bombardment, and strontium phosphate DNA
co-precipitation.

In contrast, “transduction of cells” refers to the process of
transferring nucleic acid into a cell using a DNA or RNA
virus. A RNA virus (i.e., a retrovirus) for transferring a
nucleic acid into a cell is referred to herein as a transducing
chimeric retrovirus. Exogenous nucleic acid material con-
tained within the retrovirus is incorporated into the genome of
the transduced cell. A cell that has been transduced with a
chimeric DNA virus (e.g., an adenovirus carrying a cDNA
encoding a therapeutic agent), will not have the exogenous
nucleic acid material incorporated into its genome but will be
capable of expressing the exogenous nucleic acid material
that is retained extrachromosomally within the cell.

The exogenous nucleic acid material can include the
nucleic acid encoding the siRNA together with a promoter to
control transcription. The promoter characteristically has a
specific nucleotide sequence necessary to initiate transcrip-
tion. The exogenous nucleic acid material may further
include additional sequences (i.e., enhancers) required to
obtain the desired gene transcription activity. For the purpose
of'this discussion an “enhancer” is simply any non-translated
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DNA sequence that works with the coding sequence (in cis) to
change the basal transcription level dictated by the promoter.
The exogenous nucleic acid material may be introduced into
the cell genome immediately downstream from the promoter
so that the promoter and coding sequence are operatively
linked so as to permit transcription of the coding sequence.
An expression vector can include an exogenous promoter
element to control transcription of the inserted exogenous
gene. Such exogenous promoters include both constitutive
and regulatable promoters.

Naturally-occurring constitutive promoters control the
expression of essential cell functions. As a result, a nucleic
acid sequence under the control of a constitutive promoter is
expressed under all conditions of cell growth. Constitutive
promoters include the promoters for the following genes
which encode certain constitutive or “housekeeping” func-
tions: hypoxanthine phosphoribosyl transferase (HPRT),
dihydrofolate reductase (DHFR), adenosine deaminase,
phosphoglycerol kinase (PGK), pyruvate kinase, phospho-
glycerol mutase, the beta[J-actin promoter, and other consti-
tutive promoters known to those of skill in the art. In addition,
many viral promoters function constitutively in eukaryotic
cells. These include: the early and late promoters of SV40; the
long terminal repeats (LTRs) of Moloney [Leukemia Virus and
other retroviruses; and the thymidine kinase promoter of Her-
pes Simplex Virus, among many others.

Nucleic acid sequences that are under the control of regu-
latable promoters are expressed only or to a greater or lesser
degree in the presence of an inducing or repressing agent,
(e.g., transcription under control of the metallothionein pro-
moter is greatly increased in presence of certain metal ions).
Regulatable promoters include responsive elements (REs)
that stimulate transcription when their inducing factors are
bound. For example, there are REs for serum factors, steroid
hormones, retinoic acid, cyclic AMP, and tetracycline and
doxycycline. Promoters containing a particular RE can be
chosen in order to obtain an regulatable response and in some
cases, the RE itself may be attached to a different promoter,
thereby conferring regulatability to the encoded nucleic acid
sequence. Thus, by selecting the appropriate promoter (con-
stitutive versus regulatable; strong versus weak), itis possible
to control both the existence and level of expression of a
nucleic acid sequence in the genetically modified cell. If the
nucleic acid sequence is under the control of an regulatable
promoter, delivery of the therapeutic agent in situ is triggered
by exposing the genetically modified cell in situ to conditions
for permitting transcription of the nucleic acid sequence, e.g.,
by intraperitoneal injection of specific inducers of the regu-
latable promoters which control transcription of the agent.
For example, in situ expression of a nucleic acid sequence
under the control of the metallothionein promoter in geneti-
cally modified cells is enhanced by contacting the genetically
modified cells with a solution containing the appropriate (i.e.,
inducing) metal ions in situ.

Accordingly, the amount of siRNA generated in situ is
regulated by controlling such factors as the nature of the
promoter used to direct transcription of the nucleic acid
sequence, (i.e., whether the promoter is constitutive or regu-
latable, strong or weak) and the number of copies of the
exogenous nucleic acid sequence encoding a siRNA
sequence that are in the cell.

In one embodiment of the present invention, an expression
cassette may contain a pol II promoter that is operably linked
to a nucleic acid sequence encoding a siRNA. Thus, the pol 11
promoter, i.e., a RNA polymerase II dependent promoter,
initiates the transcription of the siRNA. In another embodi-
ment, the pol II promoter is regulatable.
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A pol Il promoter may be used in its entirety, or a portion or
fragment of the promoter sequence may be used in which the
portion maintains the promoter activity. As discussed herein,
pol II promoters are known to a skilled person in the art and
include the promoter of any protein-encoding gene, e.g., an
endogenously regulated gene or a constitutively expressed
gene. For example, the promoters of genes regulated by cel-
Iular physiological events, e.g., heat shock, oxygen levels
and/or carbon monoxide levels, e.g., in hypoxia, may be used
in the expression cassettes of the invention. In addition, the
promoter of any gene regulated by the presence of a pharma-
cological agent, e.g., tetracycline and derivatives thereof, as
well as heavy metal ions and hormones may be employed in
the expression cassettes of the invention. In an embodiment of
the invention, the pol II promoter can be the CMV promoter
or the RSV promoter. In another embodiment, the pol II
promoter is the CMV promoter.

As discussed above, a pol Il promoter of the invention may
be one naturally associated with an endogenously regulated
gene or sequence, as may be obtained by isolating the 5'
non-coding sequences located upstream of the coding seg-
ment and/or exon. The pol II promoter of the expression
cassette can be, for example, the same pol Il promoter driving
expression of the targeted gene of interest. Alternatively, the
nucleic acid sequence encoding the siRNA may be placed
under the control of a recombinant or heterologous pol 11
promoter, which refers to a promoter that is not normally
associated with the targeted gene’s natural environment.
Such promoters include promoters isolated from any eukary-
otic cell, and promoters not “naturally occurring,” i.e., con-
taining different elements of different transcriptional regula-
tory regions, and/or mutations that alter expression. In
addition to producing nucleic acid sequences of promoters
synthetically, sequences may be produced using recombinant
cloning and/or nucleic acid amplification technology, includ-
ing PCR™, in connection with the compositions disclosed
herein (see U.S. Pat. Nos. 4,683,202, 5,928,906, each incor-
porated herein by reference).

In one embodiment, a pol II promoter that effectively
directs the expression of the siRNA in the cell type, organelle,
and organism chosen for expression will be employed. Those
of ordinary skill in the art of molecular biology generally
know the use of promoters for protein expression, for
example, see Sambrook and Russell (2001), incorporated
herein by reference. The promoters employed may be consti-
tutive, tissue-specific, inducible, and/or useful under the
appropriate conditions to direct high level expression of the
introduced DNA segment, such as is advantageous in the
large-scale production of recombinant proteins and/or pep-
tides. The identity of tissue-specific promoters, as well as
assays to characterize their activity, is well known to those of
ordinary skill in the art.

In addition to at least one promoter and at least one heter-
ologous nucleic acid sequence encoding the siRNA, the
expression vector may include a selection gene, for example,
a neomycin resistance gene, for facilitating selection of cells
that have been transfected or transduced with the expression
vector.

Cells can also be transfected with two or more expression
vectors, at least one vector containing the nucleic acid
sequence(s) encoding the siRNA(s), the other vector contain-
ing a selection gene. The selection of a suitable promoter,
enhancer, selection gene and/or signal sequence is deemed to
be within the scope of one of ordinary skill in the art without
undue experimentation.

The following discussion is directed to various utilities of
the instant invention. For example, the instant invention has
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utility as an expression system suitable for silencing the
expression of gene(s) of interest.

The instant invention also provides methods for genetically
modifying cells of a mammalian recipient in vivo. According
to one embodiment, the method comprises introducing an
expression vector for expressing a siRNA sequence in cells of
the mammalian recipient in situ by, for example, injecting the
vector into the recipient.

V. Delivery Vehicles for the Expression Cassettes of the
Invention

Delivery of compounds into tissues and across the blood-
brain barrier can be limited by the size and biochemical
properties of the compounds. Currently, efficient delivery of
compounds into cells in vivo can be achieved only when the
molecules are small (usually less than 600 Daltons). Gene
transfer for the correction of inborn errors of metabolism and
neurodegenerative diseases of the central nervous system
(CNS), and for the treatment of cancer has been accomplished
with recombinant adenoviral vectors.

The selection and optimization of a particular expression
vector for expressing a specific siRNA in a cell can be accom-
plished by obtaining the nucleic acid sequence of the siRNA,
possibly with one or more appropriate control regions (e.g.,
promoter, insertion sequence); preparing a vector construct
comprising the vector into which is inserted the nucleic acid
sequence encoding the siRNA; transfecting or transducing
cultured cells in vitro with the vector construct; and deter-
mining whether the siRNA is present in the cultured cells.

Vectors for cell gene therapy include viruses, such as rep-
lication-deficient viruses (described in detail below). Exem-
plary viral vectors are derived from Harvey Sarcoma virus,
ROUS Sarcoma virus, (MPSV), Moloney murine leukemia
virus and DNA viruses (e.g., adenovirus).

Replication-deficient retroviruses are capable of directing
synthesis of all virion proteins, but are incapable of making
infectious particles. Accordingly, these genetically altered
retroviral expression vectors have general utility for high-
efficiency transduction of nucleic acid sequences in cultured
cells, and specific utility for use in the method of the present
invention. Such retroviruses further have utility for the effi-
cient transduction of nucleic acid sequences into cells in vivo.
Retroviruses have been used extensively for transferring
nucleic acid material into cells. Protocols for producing rep-
lication-deficient retroviruses (including the steps of incor-
poration of exogenous nucleic acid material into a plasmid,
transfection of a packaging cell line with plasmid, production
of recombinant retroviruses by the packaging cell line, col-
lection of viral particles from tissue culture media, and infec-
tion of the target cells with the viral particles) are well known
in the art.

An advantage of using retroviruses for gene therapy is that
the viruses insert the nucleic acid sequence encoding the
siRNA into the host cell genome, thereby permitting the
nucleic acid sequence encoding the siRNA to be passed on to
the progeny ofthe cell when it divides. Promoter sequences in
the LTR region have can enhance expression of an inserted
coding sequence in a variety of cell types. Some disadvan-
tages of using a retrovirus expression vector are (1) inser-
tional mutagenesis, i.e., the insertion of the nucleic acid
sequence encoding the siRNA into an undesirable position in
the target cell genome which, for example, leads to unregu-
lated cell growth and (2) the need for target cell proliferation
in order for the nucleic acid sequence encoding the siRNA
carried by the vector to be integrated into the target genome.

Another viral candidate useful as an expression vector for
transformation of cells is the adenovirus, a double-stranded
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DNA virus. The adenovirus is infective in a wide range of cell
types, including, for example, muscle and endothelial cells.

Adenoviruses (Ad) are double-stranded linear DNA
viruses with a 36 kb genome. Several features of adenovirus
have made them useful as transgene delivery vehicles for
therapeutic applications, such as facilitating in vivo gene
delivery. Recombinant adenovirus vectors have been shown
to be capable of efficient in situ gene transfer to parenchymal
cells of various organs, including the lung, brain, pancreas,
gallbladder, and liver. This has allowed the use of these vec-
tors in methods for treating inherited genetic diseases, such as
cystic fibrosis, where vectors may be delivered to a target
organ. In addition, the ability of the adenovirus vector to
accomplish in situ tumor transduction has allowed the devel-
opment of a variety of anticancer gene therapy methods for
non-disseminated disease. In these methods, vector contain-
ment favors tumor cell-specific transduction.

Like the retrovirus, the adenovirus genome is adaptable for
use as an expression vector for gene therapy, i.e., by removing
the genetic information that controls production of the virus
itself. Because the adenovirus functions in an extrachromo-
somal fashion, the recombinant adenovirus does not have the
theoretical problem of insertional mutagenesis.

Several approaches traditionally have been used to gener-
ate the recombinant adenoviruses. One approach involves
direct ligation of restriction endonuclease fragments contain-
ing a nucleic acid sequence of interest to portions of the
adenoviral genome. Alternatively, the nucleic acid sequence
of interest may be inserted into a defective adenovirus by
homologous recombination results. The desired recombi-
nants are identified by screening individual plaques generated
in a lawn of complementation cells.

Most adenovirus vectors are based on the adenovirus type
5 (AdS) backbone in which an expression cassette containing
the nucleic acid sequence of interest has been introduced in
place of the early region 1 (E1) or early region 3 (E3). Viruses
in which E1 has been deleted are defective for replication and
are propagated in human complementation cells (e.g., 293 or
911 cells), which supply the missing gene E1 and pIX in trans.

In one embodiment of the present invention, one will desire
to generate siRNA in a brain cell or brain tissue. A suitable
vector for this application is an FIV vector (Brooks et al.
(2002); Alisky et al. (2000a)) or an AAV vector. For example,
one may use AAVS (Davidson et al. (2000); Alisky et al.
(2000a)). Also, one may apply poliovirus (Bledsoe et al.
(2000)) or HSV vectors (Alisky et al. (2000b)).

Application of siRNA is generally accomplished by trans-
fection of synthetic siRNAs, in vitro synthesized RNAs, or
plasmids expressing short hairpin RNAs (shRNAs). More
recently, viruses have been employed for in vitro studies and
to generate transgenic mouse knock-downs of targeted genes
(Hannon 2002, Rubinson 2003, Kunath 2003). Recombinant
adenovirus, adeno-associated virus (AAV) and feline immu-
nodeficiency virus (FIV) can be used to deliver genes in vitro
and in vivo (Alisky 2000, Davidson 2000, Brooks 2000).
Each has its own advantages and disadvantages (Davidson
2003). Adenoviruses are double stranded DNA viruses with
large genomes (36 kb) and have been engineered by my
laboratory and others to accommodate expression cassettes in
distinct regions. We used recombinant adenoviruses express-
ing siRNAs to demonstrate successful viral-mediated gene
suppression in brain (Xia 2002).

Adeno-associated viruses have encapsidated genomes,
similar to Ad, but are smaller in size and packaging capacity
(~30 nm vs. ~100 nm; packaging limit of ~4.5 kb). AAV
contain single stranded DNA genomes of the + or the — strand.
Eight serotypes of AAV (1-8) have been studied extensively,
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three of which have been evaluated in the brain (Davidson
2000, Passini 2003, Skorupa 1999, Frisella 2001, Xiao 1997,
During 1998). An important consideration for the present
application is that AAV'S transduces striatal and cortical neu-
rons, and is not associated with any known pathologies.

Adeno associated virus (AAV) is a small nonpathogenic
virus of the parvoviridae family (for review see Muzyczka, N.
1992. Curr Top Microbiol Immunol 158: 97-129; see also
U.S. Pat. No. 6,468,524). AAV is distinct from the other
members of this family by its dependence upon a helper virus
for replication. In the absence of a helper virus, AAV may
integrate in a locus specific manner into the q arm of chro-
mosome 19 (Kotin et al., (1990) Proc. Natl. Acad. Sci. (USA)
87: 2211-2215). The approximately 5 kb genome of AAV
consists of one segment of single stranded DNA of either plus
or minus polarity. The ends of the genome are short inverted
terminal repeats which can fold into hairpin structures and
serve as the origin of viral DNA replication. Physically, the
parvovirus virion is non-enveloped and its icosohedral capsid
is approximately 20 nm in diameter.

To-date seven serologically distinct AAV's have been iden-
tified and five have been isolated from humans or primates
and are referred to as AAV types 1-5 (Arella et al Handbook
of Parvoviruses. Vol. 1. ed. P. Tijssen. Boca Raton, Fla., CRC
Press, 1990). The most extensively studied of these isolates is
AAV type 2 (AAV2). The genome of AAV2 is 4680 nucle-
otides in length and contains two open reading frames
(ORFs). The left ORF encodes the non-structural Rep pro-
teins, Rep40, Rep 52, Rep68 and Rep 78, which are involved
in regulation of replication and transcription in addition to the
production of single-stranded progeny genomes. Further-
more, two of the Rep proteins have been associated with the
possible integration of AAV genomes into a region of the q
arm of human chromosome 19. Rep68/78 have also been
shown to possess NTP binding activity as well as DNA and
RNA helicase activities. The Rep proteins possess a nuclear
localization signal as well as several potential phosphoryla-
tion sites. Mutation of one of these kinase sites resulted in a
loss of replication activity.

The ends of the genome are short inverted terminal repeats
which have the potential to fold into T-shaped hairpin struc-
tures that serve as the origin of viral DNA replication. Within
the ITR region two elements have been described which are
central to the function of the ITR, a GAGC repeat motif and
the terminal resolution site (trs). The repeat motif has been
shown to bind Rep when the I'TR is in either a linear or hairpin
conformation. This binding serves to position Rep68/78 for
cleavage at the trs which occurs in a site- and strand-specific
manner. In addition to their role in replication, these two
elements appear to be central to viral integration. Contained
within the chromosome 19 integration locus is a Rep binding
site with an adjacent trs. These elements have been shown to
be functional and necessary for locus specific integration.

The AAV2 virion is a non-enveloped, icosohedral particle
approximately 25 nm in diameter, consisting of three related
proteins referred to as VPL,2 and 3. The right ORF encodes the
capsid proteins, VP1, VP2, and VP3. These proteins are found
in a ratio of 1:1:10 respectively and are all derived from the
right-hand ORF. The capsid proteins differ from each other by
the use of alternative splicing and an unusual start codon.
Deletion analysis has shown that removal or alteration of VP1
which is translated from an alternatively spliced message
results in a reduced yield of infections particles. Mutations
within the VP3 coding region result in the failure to produce
any single-stranded progeny DNA or infectious particles.

The following features of AAV have made it an attractive
vector for gene transfer. AAV vectors have been shown in
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vitro to stably integrate into the cellular genome; possess a
broad host range; transduce both dividing and non dividing
cells in vitro and in vivo and maintain high levels of expres-
sion of the transduced genes. Viral particles are heat stable,
resistant to solvents, detergents, changes in pH, temperature,
and can be concentrated on CsCl gradients. Integration of
AAV provirus is not associated with any long term negative
effects on cell growth or differentiation. The ITRs have been
shown to be the only cis elements required for replication,
packaging and integration and may contain some promoter
activities.

Further provided by this invention are chimeric viruses
where AAV can be combined with herpes virus, herpes virus
amplicons, baculovirus or other viruses to achieve a desired
tropism associated with another virus. For example, the
AAV4 ITRs could be inserted in the herpes virus and cells
could be infected. Post-infection, the ITRs of AAV4 could be
acted on by AAV4 rep provided in the system or in a separate
vehicle to rescue AAV4 from the genome. Therefore, the
cellular tropism of the herpes simplex virus can be combined
with AAV4 rep mediated targeted integration. Other viruses
that could be utilized to construct chimeric viruses include
lentivirus, retrovirus, pseudotyped retroviral vectors, and
adenoviral vectors.

Also provided by this invention are variant AAV vectors.
For example, the sequence of a native AAV, such as AAVS,
can be modified at individual nucleotides. The present inven-
tion includes native and mutant AAV vectors. The present
invention further includes all AAV serotypes.

FIV is an enveloped virus with a strong safety profile in
humans; individuals bitten or scratched by FIV-infected cats
do not seroconvert and have not been reported to show any
signs of disease. Like AAV, FIV provides lasting transgene
expression in mouse and nonhuman primate neurons (Brooks
2002, Lotery 2002), and transduction can be directed to dif-
ferent cell types by pseudotyping, the process of exchanging
the viruses native envelope for an envelope from another virus
(Kang 2002, Stein 2001).

Thus, as will be apparent to one of ordinary skill in the art,
a variety of suitable viral expression vectors are available for
transferring exogenous nucleic acid material into cells. The
selection of an appropriate expression vector to express a
therapeutic agent for a particular condition amenable to gene
silencing therapy and the optimization of the conditions for
insertion of the selected expression vector into the cell, are
within the scope of one of ordinary skill in the art without the
need for undue experimentation.

In another embodiment, the expression vector is in the
form of a plasmid, which is transferred into the target cells by
one of a variety of methods: physical (e.g., microinjection,
electroporation, scrape loading, microparticle bombardment)
or by cellular uptake as a chemical complex (e.g., calcium or
strontium co-precipitation, complexation with lipid, com-
plexation with ligand). Several commercial products are
available for cationic liposome complexation including Lipo-
fectin™ (Gibco-BRL, Gaithersburg, Md.) and Trans-
fectam™ (ProMega, Madison, Wis.). However, the efficiency
of transfection by these methods is highly dependent on the
nature of the target cell and accordingly, the conditions for
optimal transfection of nucleic acids into cells using the
above-mentioned procedures must be optimized. Such opti-
mization is within the scope of one of ordinary skill in the art
without the need for undue experimentation.

VI. Diseases and Conditions Amendable to the Methods of
the Invention

In the certain embodiments of the present invention, a
mammalian recipient to an expression cassette of the inven-
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tion has a condition that is amenable to gene silencing
therapy. As used herein, “gene silencing therapy” refers to
administration to the recipient exogenous nucleic acid mate-
rial encoding a therapeutic siRNA and subsequent expression
of the administered nucleic acid material in situ. Thus, the
phrase “condition amenable to siRNA therapy” embraces
conditions such as genetic diseases (i.e., a disease condition
that is attributable to one or more gene defects), acquired
pathologies (i.e., a pathological condition that is not attribut-
able to an inborn defect), cancers, neurodegenerative dis-
eases, e.g., trinucleotide repeat disorders, and prophylactic
processes (i.e., prevention of a disease or of an undesired
medical condition). A gene “associated with a condition” is a
gene that is either the cause, or is part of the cause, of the
condition to be treated. Examples of such genes include genes
associated with a neurodegenerative disease (e.g., a trinucle-
otide-repeat disease such as a disease associated with poly-
glutamine repeats, Huntington’s disease, and several spinoc-
erebellar ataxias), and genes encoding ligands for
chemokines involved in the migration of a cancer cells, or
chemokine receptor. Also siRNA expressed from viral vec-
tors may be used for in vivo antiviral therapy using the vector
systems described.

Accordingly, as used herein, the term “therapeutic siRNA”
refers to any siRNA that has a beneficial effect on the recipi-
ent. Thus, “therapeutic siRNA” embraces both therapeutic
and prophylactic siRNA.

Differences between alleles that are amenable to targeting
by siRNA include disease-causing mutations as well as poly-
morphisms that are not themselves mutations, but may be
linked to a mutation or associated with a predisposition to a
disease state. An example of a targetable polymorphism that
is not itself a mutation is the polymorphism in exon 58 asso-
ciated with Huntington’s disease.

Single nucleotide polymorphisms comprise most of the
genetic diversity between humans. The major risk factor for
developing Alzheimer’s disease is the presence of a particular
polymorphism in the apolipoprotein E gene. Single nucle-
otide polymorphisms comprise most of the genetic diversity
between humans, and that many disease genes, including the
HD gene in Huntington’s disease, contain numerous single
nucleotide or multiple nucleotide polymorphisms that could
be separately targeted in one allele vs. the other. The major
risk factor for developing Alzheimer’s disease is the presence
of a particular polymorphism in the apolipoprotein E gene.

A. Gene defects

A number of diseases caused by gene defects have been
identified. For example, this strategy can be applied to a major
class of disabling neurological disorders. For example this
strategy can be applied to the polyglutamine diseases, as is
demonstrated by the reduction of polyglutamine aggregation
in cells following application of the strategy. The neurode-
generative disease may be a trinucleotide-repeat disease, such
as a disease associated with polyglutamine repeats, including
Huntington’s disease, and several spinocerebellar ataxias.
Additionally, this strategy can be applied to a non-degenera-
tive neurological disorder, such as DYT1 dystonia.

B. Acquired Pathologies

As used herein, “acquired pathology” refers to a disease or
syndrome manifested by an abnormal physiological, bio-
chemical, cellular, structural, or molecular biological state.
For example, the disease could be a viral disease, such as
hepatitis or AIDS.

C. Cancers

The condition amenable to gene silencing therapy alterna-
tively can be a genetic disorder or an acquired pathology that
is manifested by abnormal cell proliferation, e.g., cancer.
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According to this embodiment, the instant invention is useful
for silencing a gene involved in neoplastic activity. The
present invention can also be used to inhibit overexpression of
one or several genes. The present invention can be used to
treat neuroblastoma, medulloblastoma, or glioblastoma.

VII. Dosages, Formulations and Routes of Administration
of the Agents of the Invention

The agents of the invention are preferably administered so
as to result in a reduction in at least one symptom associated
with a disease. The amount administered will vary depending
on various factors including, but not limited to, the composi-
tion chosen, the particular disease, the weight, the physical
condition, and the age of the mammal, and whether preven-
tion or treatment is to be achieved. Such factors can be readily
determined by the clinician employing animal models or
other test systems, which are well known to the art.

Administration of siRNA may be accomplished through
the administration of the nucleic acid molecule encoding the
siRNA (see, for example, Feigner et al., U.S. Pat. No. 5,580,
859, Pardoll et al. 1995; Stevenson et al. 1995; Moiling 1997;
Donnelly et al. 1995; Yang et al. II; Abdallah et al. 1995).
Pharmaceutical formulations, dosages and routes of admin-
istration for nucleic acids are generally disclosed, for
example, in Feigner et al., supra.

The present invention envisions treating a disease, for
example, a neurodegenerative disease, in a mammal by the
administration of an agent, e.g., a nucleic acid composition,
an expression vector, or a viral particle of the invention.
Administration of the therapeutic agents in accordance with
the present invention may be continuous or intermittent,
depending, for example, upon the recipient’s physiological
condition, whether the purpose of the administration is thera-
peutic or prophylactic, and other factors known to skilled
practitioners. The administration of the agents of the inven-
tion may be essentially continuous over a preselected period
of time or may be in a series of spaced doses. Both local and
systemic administration is contemplated.

One or more suitable unit dosage forms having the thera-
peutic agent(s) of the invention, which, as discussed below,
may optionally be formulated for sustained release (for
example using microencapsulation, see WO 94/07529, and
U.S. Pat. No. 4,962,091 the disclosures of which are incor-
porated by reference herein), can be administered by a variety
of routes including parenteral, including by intravenous and
intramuscular routes, as well as by direct injection into the
diseased tissue. For example, the therapeutic agent may be
directly injected into the brain. Alternatively the therapeutic
agent may be introduced intrathecally for brain and spinal
cord conditions. In another example, the therapeutic agent
may be introduced intramuscularly for viruses that traffic
back to affected neurons from muscle, such as AAV, lentivirus
and adenovirus. The formulations may, where appropriate, be
conveniently presented in discrete unit dosage forms and may
be prepared by any of the methods well known to pharmacy.
Such methods may include the step of bringing into associa-
tion the therapeutic agent with liquid carriers, solid matrices,
semi-solid carriers, finely divided solid carriers or combina-
tions thereof, and then, if necessary, introducing or shaping
the product into the desired delivery system.

When the therapeutic agents of the invention are prepared
for administration, they are preferably combined with a phar-
maceutically acceptable carrier, diluent or excipient to form a
pharmaceutical formulation, or unit dosage form. The total
active ingredients in such formulations include from 0.1 to
99.9% by weight of the formulation. A “pharmaceutically
acceptable” is a carrier, diluent, excipient, and/or salt that is
compatible with the other ingredients of the formulation, and
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not deleterious to the recipient thereof. The active ingredient
for administration may be present as a powder or as granules,
as a solution, a suspension or an emulsion.

Pharmaceutical formulations containing the therapeutic
agents of the invention can be prepared by procedures known
in the art using well known and readily available ingredients.
The therapeutic agents of the invention can also be formu-
lated as solutions appropriate for parenteral administration,
for instance by intramuscular, subcutaneous or intravenous
routes.

The pharmaceutical formulations of the therapeutic agents
of the invention can also take the form of an aqueous or
anhydrous solution or dispersion, or alternatively the form of
an emulsion or suspension.

Thus, the therapeutic agent may be formulated for
parenteral administration (e.g., by injection, for example,
bolus injection or continuous infusion) and may be presented
in unit dose form in ampules, pre-filled syringes, small vol-
ume infusion containers or in multi-dose containers with an
added preservative. The active ingredients may take such
forms as suspensions, solutions, or emulsions in oily or aque-
ous vehicles, and may contain formulatory agents such as
suspending, stabilizing and/or dispersing agents. Alterna-
tively, the active ingredients may be in powder form, obtained
by aseptic isolation of sterile solid or by lyophilization from
solution, for constitution with a suitable vehicle, e.g., sterile,
pyrogen-free water, before use.

It will be appreciated that the unit content of active ingre-
dient or ingredients contained in an individual aerosol dose of
each dosage form need not in itself constitute an effective
amount for treating the particular indication or disease since
the necessary effective amount can be reached by adminis-
tration of a plurality of dosage units. Moreover, the effective
amount may be achieved using less than the dose in the
dosage form, either individually, or in a series of administra-
tions.

The pharmaceutical formulations of the present invention
may include, as optional ingredients, pharmaceutically
acceptable carriers, diluents, solubilizing or emulsifying
agents, and salts of the type that are well-known in the art.
Specific non-limiting examples of the carriers and/or diluents
that are useful in the pharmaceutical formulations of the
present invention include water and physiologically accept-
able buffered saline solutions such as phosphate buffered
saline solutions pH 7.0-8.0. saline solutions and water.

The invention will now be illustrated by the following
non-limiting Examples.

Example 1

siRNA-Mediated Silencing of Genes Using Viral
Vectors

Inthis Example, it is shown that genes can be silenced in an
allele-specific manner. It is also demonstrated that viral-me-
diated delivery of siRNA can specifically reduce expression
of targeted genes in various cell types, both in vitro and in
vivo. This strategy was then applied to reduce expression of a
neurotoxic polyglutamine disease protein. The ability of viral
vectors to transduce cells efficiently in vivo, coupled with the
efficacy of virally expressed siRNA shown here, extends the
application of siRNA to viral-based therapies and in vivo
targeting experiments that aim to define the function of spe-
cific genes.

Experimental Protocols

Generation of the Expression Cassettes and Viral Vectors.

The modified CMV (mCMYV) promoter was made by PCR
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amplification of CMV by primers 5'-AAGGTACCAGATCT-
TAGTTATTAATAGTAATCAATTACGG-3' (SEQ ID NO:1)
and 5'-GAATCGATGCATGCCTCGAGACGGT-
TCACTAAACCAGCTCTGC-3' (SEQ ID NO:2) with peG-
FPN1 plasmid (purchased from Clontech, Inc) as template.
The mCMYV product was cloned into the Kpnl and Clal sites
of the adenoviral shuttle vector pAdSKnpA, and was named
pmCMVknpA. To construct the minimal polyA cassette, the
oligonucleotides,  5'-CTAGAACTAGTAATAAAGGATC-
CTTTATTTTCATTGGATCCGTGTGTTGGT TTTTTGT-
GTGCGGCCGCG-3' (SEQ ID NO:3) and 5'-TCGACGCG-
GCCGCACACAAAAAACCAACACACGGATCC
AATGAAAATAAAGGATCCTTTATTACTAGTT-3' (SEQ
1D NO:4), were used. The oligonucleotides contain Spel and
Sall sites at the 5' and 3' ends, respectively. The synthesized
polyA cassette was ligated into Spel, Sall digested pmCM-
VKunpA. The resultant shuttle plasmid, pmCMVmpA was
used for construction of head-to-head 21 bp hairpins of eGFP
(bp 418 to 438), human fp-glucuronidase (bp 649 to 669),
mouse B-glucuronidase (bp 646 to 666) or E. coli -galac-
tosidase (bp 1152-1172). The eGFP hairpins were also cloned
into the Ad shuttle plasmid containing the commercially
available CMV promoter and poly A cassette from SV40 large
T antigen (pCMVsiGFPx). Shuttle plasmids were co-trans-
fected into HEK293 cells along with the adenovirus back-
bones for generation of full-length Ad genomes. Viruses were
harvested 6-10 days after transfection and amplified and puri-
fied as described (Anderson 2000).

Northern Blotting. Total RNA was isolated from HEK293
cells transfected by plasmids or infected by adenoviruses
using TRIZOL®Reagent (Invitrogen™ Life Technologies,
Carlsbad, Calif.) according to the manufacturer’s instruction.
RNAs (30 pg) were separated by electrophoresis on 15%
(wt/vol) polyacrylamide-urea gels to detect transcripts, or on
1% agarose-formaldehyde gel for target mRNAs analysis.
RNAs were transferred by electroblotting onto hybond N+
membrane (Amersham Pharmacia Biotech). Blots were
probed with *?P-labeled sense (5'-CACAAGCTGGAGTA-
CAACTAC-3' (SEQ ID NO:5)) or antisense (5'-GTACTTG-
TACTCCAGCTTTGTG-3' (SEQ ID NO:6)) oligonucle-
otides at 37° C. for 3 h for evaluation of siRNA transcripts, or
probed for target mRNAs at 42° C. overnight. Blots were
washed using standard methods and exposed to film over-
night.

In vitro studies were performed in triplicate with a mini-
mum of two repeats.

In Vivo Studies and Tissue Analyses. Mice were injected
into the tail vein (n=10 per group) or into the brain (n=6 per
group) as described previously (Stein 1999) with the virus
doses indicated. Animals were sacrificed at the noted times
and tissues harvested and sections or tissue lysates evaluated
for B-glucuronidase expression, eGFP fluorescence, or 3-ga-
lactosidase activity using established methods (Xia 2001).
Total RNA was harvested from transduced liver using the
methods described above.

Cell Lines. PC12 tet off cell lines (Clontech Inc., Palo Alto,
Calif.) were stably transfected with a tetracycline regulatable
plasmid into which was cloned GFPQ 19 or GFPQ80 (Chai
1999a). For GFP-QR0, clones were selected and clone 29
chosen for regulatable properties and inclusion formation.
For GFP-Q 19 clone 15 was selected for uniformity of GFP
expression following gene expression induction. Inall studies
1.5 ug/ml dox was used to repress transcription. All experi-
ments were done in triplicate and were repeated 4 times.
Results and Discussion

To accomplish intracellular expression of siRNA, a 21-bp
hairpin representing sequences directed against eGFP was
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constructed, and its ability to reduce target gene expression in
mammalian cells using two distinct constructs was tested.
Initially, the siRNA hairpin targeted against eGFP was placed
under the control of the CMV promoter and contained a
full-length SV-40 polyadenylation (polyA) cassette (pCM-
VsiGFPx). In the second construct, the hairpin was juxta-
posed almost immediate to the CMV transcription start site
(within 6 bp) and was followed by a synthetic, minimal poly A
cassette (FIG. 1A, pmCMVsiGFPmpA) (Experimental Pro-
tocols), because we reasoned that functional siRNA would
require minimal to no overhangs (Caplan 2001; Nykédnen
2001). Co-transfection of pmCMVsiGFPmpA with pEG-
FPN1 (Clontech Inc) into HEK293 cells markedly reduced
eGFP fluorescence (FIG. 1C). pmCMVsiGFPmpA transfec-
tion led to the production of an approximately 63 by RNA
specific for eGFP (FIG. 1D), consistent with the predicted
size of the siGFP hairpin-containing transcript. Reduction of
target mRNA and eGFP protein expression was noted in
pmCMVsiGFPmpA-transfected cells only (FIG. 1E, F). In
contrast, eGFP RNA, protein and fluorescence levels
remained unchanged in cells transfected with pEGFPN1 and
pCMVsiGEFPx (FIG. 1E, G), pEGFPN1 and pCMVsifgluc-
mpA (FIG. 1E, F, H), or pEGFPN1 and pCMVsipgalmpA,
the latter expressing siRNA against . coli §-galactosidase
(FIG. 1E). These data demonstrate the specificity of the
expressed siRNAs.

Constructs identical to pmCMVsiGFPmpA except that a
spacer of' 9, 12 and 21 nucleotides was present between the
transcription start site and the 21 by hairpin were also tested.
In each case, there was no silencing of eGFP expression (data
not shown). Together the results indicate that the spacing of
the hairpin immediate to the promoter can be important for
functional target reduction, a fact supported by recent studies
in MCF-7 cells (Brummelkamp 2002).

Recombinant adenoviruses were generated from the siGFP
(pmCMVsiGFPmpA) and sifgluc (pmCMVsifglucmpA)
plasmids (Xia 2001; Anderson 2000) to test the hypothesis
that virally expressed siRNA allows for diminished gene
expression of endogenous targets in vitro and in vivo. HelLa
cells are of human origin and contain moderate levels of the
soluble lysosomal enzyme f-glucuronidase. Infection of
Hel a cells with viruses expressing sipgluc caused a specific
reduction in human p-glucuronidase mRNA (FIG. 11) leading
to a 60% decrease in f-glucuronidase activity relative to
siGFP or control cells (FIG. 1]). Optimization of siRNA
sequences using methods to refine target mRNA accessible
sequences (Lee 2002) could improve further the diminution
of p-glucuronidase transcript and protein levels.

The results in FIG. 1 are consistent with earlier work dem-
onstrating the ability of synthetic 21-bp double stranded
RNAs to reduce expression of target genes in mammalian
cells following transfection, with the important difference
that in the present studies the siRNA was synthesized intrac-
ellularly from readily available promoter constructs. The data
support the utility of regulatable, tissue or cell-specific pro-
moters for expression of siRNA when suitably modified for
close juxtaposition of the hairpin to the transcriptional start
site and inclusion of the minimal poly A sequence containing
cassette (see, Methods above).

To evaluate the ability of virally expressed siRNA to dimin-
ish target-gene expression in adult mouse tissues in vivo,
transgenic mice expressing eGFP (Okabe 1997) were
injected into the striatal region of the brain with 1x107 infec-
tious units of recombinant adenovirus vectors expressing
siGFP or control siffigluc. Viruses also contained a dsRed
expression cassette in a distant region of the virus for
unequivocal localization of the injection site. Brain sections
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evaluated 5 days after injection by fluorescence (FIG. 2A) or
western blot assay (FIG. 2B) demonstrated reduced eGFP
expression. Decreased eGFP expression was confined to the
injected hemisphere (FIG. 2B). The in vivo reduction is prom-
ising, particularly since transgenically expressed eGFP is a
stable protein, making complete reduction in this short time
frame unlikely. Moreover, evaluation of eGFP levels was
done 5 days after injection, when inflammatory changes
induced by the adenovirus vector likely enhance transgenic
eGFP expression from the CMV enhancer (Ooboshi 1997).

It was next tested whether virus mediated siRNA could
decrease expression from endogenous alleles in vivo. Its abil-
ity to decrease [-glucuronidase activity in the murine liver,
where endogenous levels of this relatively stable protein are
high, was evaluated. Mice were injected via the tail vein with
a construct expressing murine-specific sipgluc (AdsiMuf-
gluc), or the control viruses Adsipgluc (specific for human
p-glucuronidase) or Adsifgal. Adenoviruses injected into the
tail vein transduced hepatocytes as shown previously (Stein
1999). Liver tissue harvested 3 days later showed specific
reduction of target p-glucuronidase RNA in AdsiMufgluc
treated mice only (FIG. 2C). Fluorometric enzyme assay of
liver lysates confirmed these results, with a 12% decrease in
activity from liver harvested from AdsiMufgluc injected
mice relative to Adsifgal and Adsifgluc treated ones
(p<0.01; n=10). Interestingly, sequence differences between
the murine and human siRNA constructs are limited, with 14
of'21 by being identical. These results confirm the specificity
of virus mediated siRNA, and indicate that allele-specific
applications are possible. Together, the data are the first to
demonstrate the utility of siRNA to diminish target gene
expression in brain and liver tissue in vivo, and establish that
allele-specific silencing in vivo is possible with siRNA.

One powerful therapeutic application of siRNA is to
reduce expression of toxic gene products in dominantly inher-
ited diseases such as the polyglutamine (polyQ) neurodegen-
erative disorders (Margolis 2001). The molecular basis of
polyQ diseases is a novel toxic property conferred upon the
mutant protein by polyQ expansion. This toxic property is
associated with disease protein aggregation. The ability of
virally expressed siRNA to diminish expanded polyQ protein
expression in neural PC-12 clonal cell lines was evaluated.
Lines were developed that express tetracycline-repressible
eGFP-polyglutamine fusion proteins with normal or
expanded glutamine of 19 (eGFP-Q19) and 80 (eGFP-Q80)
repeats, respectively. Differentiated, eGFP-Q 19-expressing
PC 12 neural cells infected with recombinant adenovirus
expressing siGFP demonstrated a specific and dose-depen-
dent decrease in eGFP-Q19 fluorescence (FIG. 3A, C) and
protein levels (FIG. 3B). Application of Adsifgluc as a con-
trolhad no effect (FIG. 3A-C). Quantitative image analysis of
eGFP fluorescence demonstrated that siGFP reduced
GFPQ19 expression by greater than 96% and 93% for 100
and 50 MOI respectively, relative to control siRNA (FIG. 3C).
The multiplicity of infection (MOI) of 100 required to
achieve maximal inhibition of eGFP-Q19 expression results
largely from the inability of PC12 cells to be infected by
adenovirus-based vectors. This barrier can be overcome using
AAV=or lentivirus-based expression systems (Davidson
2000; Brooks 2002).

To test the impact of siRNA on the size and number of
aggregates formed in eGFP-Q80 expressing cells, differenti-
ated PC-12/eGFP-Q80 neural cells were infected with
AdsiGFP or Adsifigluc 3 days after doxycycline removal to
induce GFP-Q80 expression. Cells were evaluated 3 days
later. In mock-infected control cells (FIG. 4A), aggregates
were very large 6 days after induction as reported by others
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(Chai 1999a; Moulder 1999). Large aggregates were also
seen in cells infected with Adsipgluc (FIG. 4B), AdsiGFPx,
(FIG. 4C, siRNA expressed from the normal CMV promoter
and containing the SV40 large T antigen polyadenylation
cassette), or Adsipgal (FIG. 4D). In contrast, polyQ aggregate
formation was significantly reduced in AdsiGFP infected
cells (FIG. 4E), with fewer and smaller inclusions and more
diffuse eGFP fluorescence. AdsiGFP-mediated reduction in
aggregated and monomeric GFP-Q80 was verified by West-
ern blot analysis (FIG. 4F), and quantitation of cellular fluo-
rescence (FIG. 4G). AdsiGFP caused a dramatic and specific,
dose-dependent reduction in eGFP-Q80 expression (FIG. 4F,
G).

It was found that transcripts expressed from the modified
CMYV promoter and containing the minimal polyA cassette
were capable of reducing gene expression in both plasmid and
viral vector systems (FIGS. 1-4). The placement of the hair-
pin immediate to the transcription start site and use of the
minimal polyadenylation cassette was of critical importance.
In plants and Drosophila, RNA interference is initiated by the
ATP-dependent, processive cleavage of long dsRNA into
21-25 by double-stranded siRNA, followed by incorporation
of'siRNA into a RNA-induced silencing complex that recog-
nizes and cleaves the target (Nykanen 2001; Zamore 2000;
Bernstein 2001; Hamilton 1999; Hammond 2000). Viral vec-
tors expressing siRNA are useful in determining if similar
mechanisms are involved in target RNA cleavage in mamma-
lian cells in vivo.

In summary, these data demonstrate that siRNA expressed
from viral vectors in vitro and in vivo specifically reduce
expression of stably expressed plasmids in cells, and endog-
enous transgenic targets in mice. Importantly, the application
of virally expressed siRNA to various target alleles in differ-
ent cells and tissues in vitro and in vivo was demonstrated.
Finally, the results show that it is possible to reduce poly-
glutamine protein levels in neurons, which is the cause of at
least nine inherited neurodegenerative diseases, with a corre-
sponding decrease in disease protein aggregation. The ability
of viral vectors based on adeno-associated virus (Davidson
2000) and lentiviruses (Brooks 2002) to efficiently transduce
cells in the CNS, coupled with the effectiveness of virally-
expressed siRNA demonstrated here, extends the application
of siRNA to viral-based therapies and to basic research,
including inhibiting novel ESTs to define gene function.

Example 2
siRNA Specific for Huntingtin’s Disease

The present inventors have developed huntingtin siRNA
focused on two targets. One is non-allele specific (siH-
Dexon2), the other is targeted to the exon 58 codon deletion,
the only known common intragenic polymorphism in linkage
dysequilibirum with the disease mutation (Ambrose et al,
1994). Specifically, 92% of wild type huntingtin alleles have
four GAGs in exon 58, while 38% of HD patients have 3
GAGsinexon 58. To assess a siRNA targeted to the intragenic
polymorphism, PC6-3 cells were transfected with a full-
length huntingtin containing the exon 58 deletion. Specifi-
cally, PC6-3 rat pheochromocytoma cells were co-trans-
fected with CMV-human Htt (37Qs) and U6 siRNA hairpin
plasmids. Cell extracts were harvested 24 hours later and
western blots were performed using 15 pg total protein
extract. Primary antibody was an anti-huntingtin monoclonal
antibody (MAB2166, Chemicon) that reacts with human,
monkey, rat and mouse Htt proteins.
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As seen in FIG. 5, the siRNA lead to silencing of the
disease allele. As a positive control, a non-allele specific
siRNA targeted to exon 2 of the huntingtin gene was used.
siRNA directed against GFP was used as a negative control. It
was noted that siEx58#2 functional. The sequence for
siEX58#2is the following: 5-AAGAGGAGGAGGC-
CGACGCCC-3' (SEQ IDNO:90). siEX58#1 was only mini-
mally functional.

Example 3

siRNA Specific for SCA1

Spinocerebellar ataxia type 1 (SCAl) is a dominantly
inherited, progressive neurodegenerative disease caused by
an expanded polyglutamine tract in ataxin-1. SCA1 is one of
at least nine neurodegenerative diseases caused by poly-
glutamine expansion, which includes Huntington’s disease
(HD) and several other ataxias (Orr 1993, Zoghbi 1995).
SCAL1 is characterized by progressive ataxia, cerebellar atro-
phy, and loss of cerebellar Purkinje cells and brainstem neu-
rons. A feature common to all polyglutamine diseases, and
many other neurodegenerative diseases, is the formation of
intracellular aggregates containing the disease protein,
molecular chaperones, and components of the ubiquitin-pro-
teasome pathway (Orr 1993, Zoghbi 1995). In SCAL, as in
many other polyQ diseases, the inclusions are intranuclear
(Skinner 1997).

Disease allele expansion ranges from 44 to 82 glutamines
in SCA1, with repeat length inversely correlated to age of
disease onset (Zoghbi 1995). Work in Drosophila models and
transgenic mice demonstrate that the expansion confers a
toxic gain of function on ataxin-1 (Fernandez-Funez 2000,
Burright 1995, Klement 1998). Recent work has also shown
that phosphorylation of serine 776 of ataxin-1 by AKT, but
not nuclear aggregation, is required for SCA1 pathogenesis
(Emamian 2003, Chen 2003). Together, work in these model
organisms has identified manipulation of molecular chaper-
ones, or inhibition of AKT phosphorylation of ataxin-1, as
potential therapeutic routes (Fernandez-Funez 2000,
Emamian 2003, Cummings 1998). As yet, however, there is
no effective therapy for SCA1 or the other dominant neuro-
degenerative diseases caused by polyglutamine expansion.

Inhibition of mutant allele expression provides a direct
approach to SCA1 therapy. In past years, antisense- or
ribozyme-based techniques held promise in culture systems,
but proved difficult to translate to animal models. More
recently, gene silencing through RNA interference (RNAi)
has emerged as a powerful method to reduce target gene
expression in cell culture and, importantly, in brain (Caplen
2002, Miller 2003, Xia 2002, Davidson 2004). In the present
experiments, the inventors tested whether the introduction of
viral vectors expressing short hairpin RNAs (shRNAs)
directed against the transgenic human mutant ataxin-1 gene
would reduce pathology and ataxia in a mouse SCA1 model.

Vector construction and in vitro screening. Different target
sites (F1 to F11) were made based on the 2.4 kb human
ataxin-10RF (gene accession number: X79204). Sites were as
follows: F1, by 144-64; F2 by 576-96; F3, by 679-99; F4,
1334-54; F5, by 490-510; F6, by 2250-70; F7, by 18-38; F8,
by 863-82; F9, by 1876-96; F10, bp574-94; F11, by 670-90.
E. coli B-galactosidase (bp 1152-1172) was used as control
shRNA. Hairpins with loops 5-ACTAGT-3' (SEQ ID
NO:104), or 5'-CTTCCTGTCA-3' (SEQ ID NO:105) from
mir23, were cloned into vectors containing the human U6
promoter, or the modified CMV promoter, by a two-step
method as previously described (Xia 2002).
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Flag-tagged ataxin-1 with normal (30Q) or expanded
(82Q) polyglutamine regions were cloned into the AAV
shuttle plasmid for testing hairpin silencing. Plasmids
expressing hairpins and plasmids expressing ataxin-1 were
co-transfected into HEK 293 cells or PC6-3 cells (4:1 ratio,
hairpin to target), and cells lysed 48 to 72 h later. Western
blots with anti-Flag were done to assess ataxin-1 levels. Actin
was used a loading control.

Quantitative RT-PCR. HEK293 cells were transfected (Li-
pofectamine-2000, Invitrogen) with shlacZ, shScal.F10
(571-592, Scal—shSCA1.F10, 5-GGACACAAGGCT-
GAGCAGCAG-3' (SEQ ID NO:102)), or shScalLF11 (595-
615, HScal-—shSCA1.F11, 5-CAGCAGCACCTCAGC
AGGGCTGCAGGATTAGTCAACCACCTCAGCAGGGC
T-3'(SEQID NO:103)) and a human Seal expression plasmid
in 2:1, 4:1, or 8:1 molar ratios of shRNA:Scal. RNA was
harvested 24 hours post-transtection using Trizol reagent (In-
vitrogen). Following DNase treatment (DNA-free, Ambion),
random-primed, first-strand cDNA was generated from 1 mg
total RNA (Tagman Reverse Transcription Reagents, Applied
Biosystems) according to the manufacturer’s protocol. cDNA
was diluted four-fold and then used as template for real-time
PCR. Tagman Assays were performed on an ABI Prism 7000
Sequence Detection System using Tagman 2x Universal PCR
Master Mix (Applied Biosystems) and Applied Biosystems
Assays-on-Demand Taqgman primers/probe sets specific for
human Scal and mammalian rRNA. Relative gene expression
was determined using the relative standard curve method
(Applied Biosystems User Bulletin #2). Human Seal expres-
sion levels were normalized to rRNA levels and all samples
were calibrated to the shlLacZ 8:1 sample.

AAV vectors. pAAVshLacZ and pAAVshSCA1 contain
human U6 driven hairpins and CMV-hrGFP-SV40 polyA
expression cassettes cloned between two AAV2 ITR
sequences. Flanking the AAV provirus are left and right arm
sequences from the Baculovirus Autographa californica,
which are used to generate recombinant Bacmid DNA
through homologous recombination in E. cof/i. Recombinant
Baculovirus were generated as described in the Bac-to-Bac
Baculovirus Expression System (InVitrogen), and AAV virus
was purified as described in Urabe et al (Urabe 2002). AAV
titers were determined by DNA slot blot using an hrGFP-
specific radiolabeled probe.

AAV injections. Injections into cerebella were as described
by Alisky et al. (Alisky 2000), except that injections were
administered 1 mm lateral to the midline, with a total of 3 pl
injected into three separate sites. Transduction was targeted to
midline lobules IV/V, with transduction spreading anterior-
posterior to lobules 111 and V1, respectively. Virus titers were
~1x1012 vector genomes/ml as assessed by Q-PCR.

Northern Analysis. Total RNA was isolated using TRI-
ZOL® Reagent (InVitrogen™ Life Technologies, Carlsbad,
Calif.) according to the manufacturer’s instructions. RNAs
(30 mg) were separated by electrophoresis on 15% (wt/vol)
polyacrylamide-urea gels to detect transcripts. RNAs were
transferred by electroblotting onto Hybond N+ membranes
(Amersham Pharmacia Biotech). Blots were probed with **P-
labeled sense oligonucleotides at 36° C. for 3 h for evaluation
of transcripts. Blots were washed in 2xSSC twice for 15 min
at 36° C. and exposed to film overnight (Miyagishi 2002).

Immunohistochemistry and quantitation. Mice were per-
fused and fixed overnight with 4% paraformaldehyde in 0.2M
phosphate buffer (pH 7.4). Tissues were cryoprotected by
immersion in 25% sucrose and frozen in O.C.T. compound
(Sakura Finetek U.S.A. Inc, Torrance, Calif.). Sagittal cry-
ostat sections (10 um) were cut and mounted onto gelatin-
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coated slides. For calbindin staining, no unmasking proce-
dure was used. Ataxin-1 staining was done as described
(Skinner 1997).

Sections were analyzed using a L.eica DM RBE and images
acquired with a SPOT RT camera and associated software
(Diagnostics Instruments, Sterling Heights, Mich.). Mea-
surement of molecular layer thickness and quantitation of
Purkinje cells were done using BioQuant system software (R
& M Biometrics, Nashville, Tenn.) (Williams 1988).

Rotarod analysis. The Rotarod (Ugo Basile Biological
Research Apparatus, model 7650) was used for these studies.
Five-week-old mice were habituated on the rotarod for 4 min,
and then tested for 4 consecutive days, 4 trials per day (~30
minutes rest between trial). Mice were retested two weeks
after intracerebellar injection, and every two weeks until sac-
rifice at 16 wks. Additional groups of animals were tested out
to 20 weeks. For each trial, the rod was accelerated from 4 to
40 rpm over 5 min, then maintained at 40 rpm until trial
completion. Latency to fall (or if they hung on or rotated for
two consecutive rotations without running) was recorded for
each mouse. Any mouse remaining on the apparatus for 500
sec. was removed and scored as 500 sec.

Results

Optimization of ataxin-1-targeting shRNAs

To accomplish RNAI for ataxin-1, the inventors developed
short hairpins (shRNA) directed to the human 2.4 kb ataxin-1
c¢DNA for primary screening in vitro. Short hairpin RNA
(shRNA )-expressing plasmids were co-transtected into HEK
293 cells with ataxin-1 (FLAG-tagged) expression plasmids.
Candidate hairpin sequences expressed from pol III (human
U6; hU6) and pol II (modified CMV; mCMV) (Xia 2002)
promoters were tested. The initial screen of hairpins directed
against ataxin-1 sequences dispersed along the ataxin-1
c¢DNA (FIG. 6A) was unsuccessful regardless of promoter (0
of'4 tested). An expanded evaluation identified two constructs
(shSCA1.F10 and shSCA1.F11; 2 of 7 tested) that reduced
RNA levels up to 80% and ataxin-1 protein levels by 50-60%
(FIG. 6B, 6C). Q-PCR analysis showed that shSCA1.F10-
and shSCA1.F11-mediated silencing of the ataxin-1 tran-
script was dose dependent (FIG. 6C). To determine if shSCA
1 s were functional in neural cells the inventors used PC6-3
cells, a PC-12 cell derivative that displays more uniform
neuronal phenotypes (Pittman 1993). PC6-3 cells were trans-
fected with AAV shuttle vectors expressing shSCA1.F10,
shSCA1.F11, or control shRNAs, and silencing of ataxin-1
expression was assessed by western blot. Interestingly,
mCMV-expressed shSCA1.F11 appeared more efficient than
the same construct expressed from the hU6 promoter (FIG.
6D).

A recent study by Kawasaki and colleagues (Kawasaki
2003) suggested that one caveat of Pol IlI-based promoters
for expressing shRNAs is inefficient export of transcripts to
the cytoplasm. Replacement of the loop structure of their
shRNAs with those derived from endogenously expressed
miRNAs improved nuclear export and gene silencing (Ka-
wasaki 2003). To test if similar modifications improved Pol
III-directed expression of shRNAs for ataxin-1 silencing, the
loops of hairpins from shSCA1.F10 and shSCA1.F11, (origi-
nally 5'-ACTAGT-3' (SEQ ID NO:104)), were replaced with
the loop from miR23 (5-CTTCCTGTCA-3' (SEQ ID
NO:105); designated F10 mi). While there was no effect of
the miRNA loop on CMV-shRNA-based silencing (not
shown), miR23 loops improved the silencing activity of Pol
II-expressed shSCA1.F10 and shSCA1.F11 against normal
human ataxin-1 (FIG. 6E) and importantly, human ataxin-1
with an 82Q expansion (FIG. 6F).
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Effects of shSCA1 on Motor Coordination in SCA1 Trans-
genic Mice

The inventors next generated recombinant adeno-associ-
ated virus serotype 1 (AAV1) expressing shSCA1.F10 miand
shSCA1.F11mi to evaluate hairpin efficacy in the transgenic
mouse model of SCA1 (denoted AAVShSCA1.F10 mi or
AAVshSCA1.F11lmi). The virus was also engineered to
express the hrGFP reporter for detection of transduced cells
(FIG. 7A). In SCAI mice, transgenic human disease allele
(ataxin-1-Q82) expression is confined to the cerebellar
Purkinje cells by PCP-2, a Purkinje cell-specific promoter
(Burright 1995, Clark 1997). Thus the inventors initially
tested AAV1’s ability to transduce Purkinje cells, since its
transduction profile in cerebella was unknown. As shown in
FIG. 7B, AAVshSCALI readily transduces Purkinje cells.
Northern blot of RNA harvested from cerebella 10 days after
viral injection also showed that shRNAs are expressed in vivo
(FIG. 7C). The fast expression kinetics from AAV1 is similar
to AAV serotype 5, which also shows tropism for Purkinje
cells (Alisky 2000).

Heterozygous SCA1 transgenic mice display many of the
characteristics of human SCA1, including progressive ataxia,
Purkinje cell degeneration, and thinning of cerebellar
molecular layers. The rotarod test for motor performance is a
valid indicator of the progressive ataxia; proper foot place-
ment in response to a changing environment (i.e., the rotating
rod) challenges the cerebellum. To determine the effects of
AAVshSCA1l, or AAVs expressing control hairpins
(AAVshlLacZ), on the ataxic phenotype, mice were analyzed
for baseline rotarod performance, followed by injection at 7
weeks of age with shRNA-expressing viruses into midline
cerebellar lobules. Rotorod analyses were repeated every two
weeks until sacrifice. Mock-transduced animals (saline injec-
tion) were also assessed. The data in FIG. 7D demonstrate
that transduction with viruses expressing shSCA1.F10 mi,
but not shlLacZ, significantly improves SCA1 mice motor
performance. Also of note is the observation that expression
of shSCA1.F10 mi did not negatively affect the rotarod per-
formance of wildtype mice, indicating that intracellular
expression of shRNAs is not overtly toxic to Purkinje cells.

Improved Neuropathology in shSCAl-Expressing
Purkinje Cells

The inventors next tested if the improved rotarod perfor-
mance was attributable to improvements in neuropathology.
The progressive pathological changes in SCA1 transgenic
mice have been well characterized, and include intranuclear
inclusions of ataxin-1, Purkinje cell dendritic pruning,
Purkinje cell loss and concomitant thinning of the cerebellar
molecular layer (Burright 1995).

Cerebellar lobules from SCA1 and wildtype mice injected
with AAVshLacZ or AAVshSCA1 were evaluated for hrGFP
expression and calbindin staining to assess if shSCAl
reduced the progressive thinning of the molecular layer in
SCA1 transgenic mice. FIG. 8A shows representative sec-
tions from virus-injected mice cerebella. The juxtaposition of
untransduced regions (hrGFP-) to transduced ones (hrGFP+)
allowed for direct comparisons of the effects of shSCAL.
Calbindin staining remained robust in hrGFP+ molecular lay-
ers from SCA1 transgenic mice treated with AAVshSCAL,
but was notably diminished in untransduced areas. HrGFP+
molecular layers from SCA1 transgenic mice injected with
AAVshlLacZ showed reduced calbindin staining, indistin-
guishable from untransduced layers. In wildtype mice
injected with AAVshSCA1 (FIG. 8A), AAVshLacZ or saline
(not shown), calbindin staining was uniform in all regions
examined. The data show that shSCA1-mediated improve-
ments are confined to transduced neurons.
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Molecular layer widths were quantified in wildtype mice
and SCA1 transgenic mice treated with AAV. FIG. 8B con-
firms the morphological observation that expression of shR-
NAs did not affect the molecular layers of wildtype mice. The
data also show that molecular layer widths in hrGFP+ regions
from shSCA1-treated SCA1 mice (162 um=16) are indistin-
guishable from wildtype controls (untransduced, 158 pm=+20;
AAVshSCAL1 treated, 156 pum=20), in contrast to the mark-
edly thinned molecular layer in SCAl mice given
AAVshlLacZ (109 pm=12), or mock injected (109 um=11).

The inventors next determined the effects of AAVshSCA1
on human ataxin-1 expression and the formation of ataxin-1
nuclear inclusions. In cerebella from SCA1 mice harvested 1
week after injection of AAVshSCA1.F10 or
AAVshSCA1.F11, ataxin-1 immuno-reactivity was mark-
edly reduced in transduced (hrGFP+) relative to non-trans-
duced (GFP-) cells (FIG. 9). There was no effect of transduc-
tion on ataxin-1 levels in mock or AAVshlLacZ treated SCA1
mice.

Prior work in the Orr and Zoghbi laboratories (Clark 1997)
established that mutant ataxin-1 forms single intranuclear
inclusions in~50% of Purkinje cells at 16 weeks of age. In
tissues from SCA1 mice harvested 9 weeks after injection of
saline or AAVshlacZ, ataxin-1 immunofluorescence (IF) was
robust and present throughout Purkinje cell nuclei. The inven-
tors found punctate intranuclear inclusions in 49% of cells
(FIG. 10A left panels; FIG. 10B top panel), independent of
their transduction status. In contrast, transduced (hrGFP+)
cells from AAVshSCAIl treated mice displayed greatly
diminished ataxin-1 nuclear staining, with complete resolu-
tion of inclusions in transduced cells (FIGS. 10A, 10B and
FIG. 11).

Discussion

The present results demonstrate in vivo efficacy of RNAi
and support the utility of RNAi gene therapy for SCA1 and
other polyglutamine neurodegenerative diseases. In the
SCA1 mouse model, cerebellar delivery of AAV1 vectors
expressing ataxin-1-targeting shRNAs reduced ataxin-1
expression in Purkinje cells, improved motor performance
and normalized the cerebellar pathology in transduced
regions. In these studies, the inventors directed delivery to
midline cerebellar lobules because of their importance in
axial and gait coordination in mammals. In tissues harvested
9 weeks after injection, the inventors found near 100% trans-
duction of targeted lobules, with a transduction efficiency of
5-10% of all cerebellar Purkinje cells. This supports that
directed correction could have a major impact on human
disease characteristics.

SCA1 mice show progressive neurodegenerative disease
similar to SCA1 patients. In recent work using an inducible
mouse model of SCA1, reversal of disease phenotypes was
more difficult as the disease progressed, suggesting that ear-
lier treatments will be more beneficial (Zu 2004). In the
inducible SCA1 model, inhibition of mutant ataxin-1 expres-
sion at week 12 led to rotarod performance improvements.

The intranuclear, ataxin-1 inclusions are characteristic of
SCA1 patient brain tissue and SCA1 mice cerebellar Purkinje
cells (Burright 1995). The inventors found complete resolu-
tion of inclusions in transduced cells, which correlated with
improved neuropathology. In the inducible SCA1 model,
inclusions resolved several days after inhibition of mutant
allele expression. AAV1 expressed shRNAs reduced mutant
ataxin-1 expression as early as one week after introduction of
vector, indicating that shSCAl-mediated inhibition of
ataxin-1 (Q82) expression could improve disease-associated
neuropathological changes almost immediately after gene
transfer.
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In the inventors’ initial in vitro screen, it was difficult to
identify effective shRNAs for ataxin-1 silencing. The two
functional shRNAs discovered by the inventors flanked the
CAG repeat region. The generalizability of this finding was
tested in studies targeting a mutant huntingtin and found that
the CAG-repeat expansion in huntingtin did not confer acces-
sibility to RNAI. Interestingly, shRNAs shScal.F10 and
shSCA F11 adhere less well to the model criteria (Reynolds
2004) than those that did not reduce ataxin-1 expression. This
suggests the potential requirement for screening many hair-
pins (perhaps up to 20) prior to identifying one suitably potent
for gene silencing.

Heterozygous SCA1 mice provide a tool for allele-specific
silencing of the disease gene; SCA1 mice retain two wildtype
ataxin-1 genes in addition to the human disease transgene. In
SCAL1 patients, however, shSCA1 would target both the dis-
ease and the wildtype allele. For SCA1 this may not be
problematic because ataxin-1 knock out mice do not display
cerebellar or brainstem pathology and have only mild ataxia
measured by rotarod performance. Moreover, shRNAs prob-
ably do not reduce mRNA and protein levels to zero. The
significant but non-ablative reduction of ataxin-1 would
enable cellular machinery to ‘catch up’ with existent inclu-
sions.

In summary, the inventors have shown that RNAi therapy
can dramatically improve cellular and behavioral character-
istics in a mouse model of a human dominant neurodegen-
erative disease, SCA1. The present findings have relevance to
other polyglutamine-repeat disorders including Huntington’s
disease, and neurodegenerative disorders such as Alzhe-
imer’s disease, where inhibiting expression of a disease-
linked protein would directly protect, or even reverse, disease
phenotypes.

Example 4
Huntington’s Disease (HD)

Huntington’s disease (HD) is one of several dominant neu-
rodegenerative diseases that result from a similar toxic gain of
function mutation in the disease protein: expansion of a poly-
glutamine (polyQ)-encoding tract. It is well established that
for HD and other polyglutamine diseases, the length of the
expansion correlates inversely with age of disease onset. Ani-
mal models for HD have provided important clues as to how
mutant huntingtin (htt) induces pathogenesis. Currently, no
neuroprotective treatment exists for HD. RNA interference
has emerged as a leading candidate approach to reduce
expression of disease genes by targeting the encoding mRNA
for degradation.

As discussed in Example 3 above, short hairpin RNAs
(shRNAs) were generated that significantly inhibited human
htt expression in cell lines. Importantly, the shRNAs were
designed to target sequences present in HD transgenic mouse
models. The present studies test the efficacy of the shRNAs in
HD mouse models by determining if inclusions and other
pathological and behavioral characteristics that are represen-
tative of HD can be inhibited or reversed. In a transgenic
model of inducible HD, pathology and behavior improved
when mutant gene expression was turned off. These experi-
ments show that RNAI can prevent or reverse disease.

Although the effect of partial reduction of wildtype htt in
adult neurons is unknown, it is advantageous to target only
mutant htt for degradation, if possible. One polymorphism in
linkage disequilibrium with HD has been identified in the
coding sequence for htt, and others are currently being inves-
tigated. Disease allele-specific RNAi are designed using
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approaches that led to allele specific silencing for other neu-
rogenetic disease models. This would allow directed silenc-
ing of the mutant, disease-causing expanded allele, leaving
the normal allele intact.

Constitutive expression of shRNA can prevent the neuro-
pathological and behavioral phenotypes in a mouse model of
Spinocerebellar Ataxia type I, a related polyQ disease. How-
ever, the constitutive expression of shRNA may not be nec-
essary, particularly for pathologies that take many years to
develop but may be cleared in a few weeks or months. For this
reason, and to reduce long-term effects that may arise if
nonspecific silencing or activation of interferon responses is
noted, controlled expression may be very important. In order
to regulate RNAI for disease application, doxycycline-re-
sponsive vectors have been developed for controlled silenc-
ing in vitro.

HD researchers benefit from a wealth of animal models
including six transgenic and four knock-in mouse models
(Bates 2003). Expression is from the endogenous human
promoter, and the CAG expansion in the R6 lines ranges from
110 to approximately 150 CAGs. The R6/2 line is the most
extensively studied line from this work. R6/2 mice show
aggressive degenerative disease, with age of symptom onset
at 8-12 weeks, and death occurring at 10 to 13 weeks. Neu-
ronal intranuclear inclusions, a hallmark of HD patient brain,
appear in the striatum and cortex of the R6/2 mouse (Meade
2002).

Adding two additional exons to the transgene and restrict-
ing expression via the prion promoter led to an HD mouse
model displaying important HD characteristics but with less
aggressive disease progression (Shilling 1999, Shilling
2001). The Borchelt model, N171-82Q), has greater than wild-
type levels of RNA, but reduced amounts of mutant protein
relative to endogenous htt. N171-82Q mice show normal
development for the first 1-2 months, followed by failure to
gain weight, progressive incoordination, hypokinesis and
tremors. There are statistically significant differences in the
rotarod test, alterations in gait, and hindlimb clasping. Mice
show neuritic pathology characteristic of human HD. Unlike
the Bates model, there is limited neuronal loss.

Detloff and colleagues created a mouse knock-in model
with an extension of the endogenous mouse CAG repeat to
approximately 150 CAGs. This model, the CHL2 line, shows
more aggressive phenotypes than prior mouse knock-in mod-
els containing few repeats (Lin 2001). Measurable neurologi-
cal deficits include clasping, gait abnormalities, nuclear
inclusions and astrogliosis.

The present studies utilize the well-characterized Borchelt
mouse model (N171-82Q, line 81), and the Detloff knock-in
model, the CHL2 line. The initial targets for htt silencing
were focused on sequences present in the N171-82Q) trans-
gene (exons 1-3). The use of this model was advantageous in
the preliminary shRNA development because the RNAi
search could focus on only the amino-terminal encoding
sequences rather than the full length 14 kb mRNA. FIG. 12
depicts the one-step cloning approach used to screen hairpins
(Harper 2004). No effective shRNAs were found in exon 1,
but several designed against exon 2, denoted shHDEx2.1
(5-AAGAAAGAACTTTCAGCTACC-3', SEQ ID NO:96),
shHDEx2.2 19 nt (5-AGAACTTTCAGCTACCAAG-3'
(SEQ ID NO:97)), or shHDEx2.2 21 nt 5-AAA-
GAACTTTCAGCTACCAAG-3' (SEQID NO:98)) and exon
3 (shHDEx3.1 19 nt 5-TGCCTCAACAAAGTTATCA-3'
(SEQ ID NO:99) or shHDEx3.1 21 nt 5'-AATGCCTCAA-
CAAAGTTATCA-3' (SEQ ID NO:100)) sequences were
effective. In co-transfection experiments with shRNA
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expressing plasmids and the N171-82Q transcript target,
shHDEx2.1 reduced N171-Q82 transcript levels by 80%, and
protein expression by 60%.

In transient transfection assays shHDex2.1 did not silence
a construct spanning exons 1-3 of mouse htt containing a 79
CAG repeat expansion, the mouse equivalent of N171-82Q).
Next shHDEx2 into NIH 3713 cells were transfected to con-
firm that endogenous mouse htt, which is expressed in NIH
3T3 cells, would not be reduced. Surprisingly, shHDEx2.1
and shHDEx3.1 silenced full-length mouse htt. In contrast,
shHDEx2.2 silenced only the human N171-82Q transgene.

Yamamoto and colleagues and others have demonstrated
that preformed inclusions can resolve (Yamamoto 2000). To
test if RNAi could also reduce preformed aggregates, the
inventors used a neuronal cell line, which, upon induction of
Q80-eGFP expression, showed robust inclusion formation
(Xia 2002). Cells laden with aggregates were mock-trans-
duced, or transduced with recombinant virus expressing con-
trol shRNA, or shRNAs directed against GFP. The inventors
found dramatic reduction in aggregates as assessed by fluo-
rescence. Quantification showed dose dependent effects
(FI1G. 13) that were corroborated by western blot (Xia 2002).

As indicated in Example 1 above, viral vectors expressing
siRNAs can mediate gene silencing in the CNS (Xia 2002).
Also, as indicated in Example 3 above, these studies were
extended to the mouse model of spinocerebellar ataxia type 1
(SCA1). The data are important as they demonstrate that
shRNA is efficacious in the CNS of a mouse model of human
neurodegenerative disease. The data also support that shRNA
expression in brain is not detrimental to neuronal survival.

shRNAs can Target the Exon 58 Polymorphism. As
described in Example 2 above, a polymorphism in htt exon 58
is in linkage disequilibrium with HD (Ambrose 1994). Thirty
eight percent of the HD population possesses a 3-GAG repeat
in exon 58, in contrast to the 4-GAG repeat found in 92% of
non-HD patients. The polymorphism likely has no affect on
htt, but it provides a target for directing gene silencing to the
disease allele. As indicated in Example 2 above, in experi-
ments to test if allele-specific silencing for HD was possible,
plasmids were generated that expressed shRNAs that were
specific for the exon 58 polymorphism. The exon 58 3-GAG-
targeting shRNAs were functional.

Developing Vectors for Control of RNAI In Vivo. As dem-
onstrated above, shRNA expressed from viral vectors is effec-
tive at directing gene silencing in brain. Also, viral vectors
expressing shSCA1 inhibited neurodegeneration in the SCA1
mouse model. ShARNA expression was constitutive in both
instances. However, constitutive expression may not be nec-
essary, and could exacerbate any noted nonspecific effects.
The present inventors have developed and tested several
doxycycline-regulated constructs. The construct depicted in
FIG. 14 showed strong suppression of target gene (GFP)
expression after addition of doxycycline and RNAi induction.

RNAI can Protect, and/or Reverse, the Neuropathology in
Mouse Models of Human Huntington’s Disease

Two distinct but complimentary mouse models are used,
the N171-82Q transgenic and CHL2 knock-in mice. The
former express a truncated NH2-terminal fragment of human
htt comprising exons 1-3 with an 82Q-repeat expansion. The
knock-in expresses a mutant mouse allele with a repeat size of
~150. Neither shows significant striatal or cortical cell loss.
Both therefore are suitable models for the early stages of HD.
They also possess similarities in mid- and end-stage neuro-
pathological phenotypes including inclusions, gliosis, and
motor and behavioral deficits that will permit comparison and
validation. On the other hand, the differences inherent in the
two models provide unique opportunities for addressing dis-
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tinct questions regarding RNAi therapy. For example, N171-
82Q transgenic mice have relatively early disease onset. Thus
efficacy can be assessed within a few months, in contrast to 9
months or more in the CHL?2 line. Because the data showed
that shHDEx2.2 targets the human transgene and not mouse
HD, evaluate disease-allele specific silencing in N171-82Q
mice is evaluated. In contrast, the CRL2 knock-in is impor-
tant for testing how reducing expression of both the mutant
and wildtype alleles impacts on the HD phenotype. Finally,
both models should be investigated because any therapy for
HD should be validated in two relevant disease models.

siRNA Against Human Htt Protects Against Inclusion For-
mation in N171-82Q Mice

The data show that it is possible to silence the human
N171-82Q transgene in vitro, and work in reporter mice and
SCA1 mouse models demonstrated efficacy of RNAi in vivo
in brain. shHDEx2.2 constructs, expressed from two vector
systems with well-established efficacy profiles in CNS, are
now tested for their capacity to reduce mutant transgenic
allele expression in vivo. Further, the impact of shHDEx2.2
on inclusion formation is assessed. Inclusions may not be
pathogenic themselves, but they are an important hallmark of
HD and their presence and abundance correlates with severity
of disease in many studies.

Recombinant feline immunodeficiency virus (FIV) and
adeno-associated virus (AAV) expressing shHDs are injected
into N171-82Q. The levels of shHDs expressed from FIV and
AAV are evaluated, as is the ability to reduce htt mRNA and
protein levels in brain, and subsequently affect inclusion for-
mation.

Mice. N171-82Q mice developed by Borchelt and col-
leagues are used for these experiments (Shilling 1999, Shil-
ling 2001). The colony was set up from breeders purchased
from Jackson Laboratories (N171-82Q, line 81) and are
maintained as described (Shilling 1999, Shilling 2001). F1
pups are genotyped by PCR off tail DNA, obtained when
tagging weaned litters.

IC2 and EM48 have been used previously to evaluate
N171-82Q) transgene expression levels in brain by immuno-
histochemistry (IHC) and western blot (Zhou 2003, Trottier
1995). EM48 is an antibody raised against a GST-NH2 ter-
minal fragment of htt that detects both ubiquitinated and
non-ubiquitinated htt-aggregates (I.i 2000), and the IC2 anti-
body recognizes long polyglutamine tracts (Trottier 1995).
By 4 weeks N171-82Q mice show diffuse EM48-positive
staining in striata, hippocampus, cerebellar granule cells, and
cortical layers IV and V (Shilling 1999, Shilling 2001). The
present experiments focus on the striatum and cortex because
they are the major sites of pathology in human HD. TUNEL
positivity and GFAP immunoreactivity are also significant in
striatal sections harvested from 3 month old N171-82Q mice
(Yu 2003). At 4 months, punctate nuclear and cytoplasmic
immunoreactivity is also seen (Yu 2003).

Viruses. It is difficult to directly compare the two viruses
under study at equivalent doses; FIV is enveloped and can be
concentrated and purified, at best, to titers of 5x10® infectious
units/ml (iu/ml). FIV pseudotyped with the vesicular stoma-
titus glycoprotein (VSVg) are used because of its tropism for
neurons in the striatum (Brooks 2002). In contrast, AAV is
encapsidated and can be concentrated and purified to titers
ranging from 1x10° to 1x10** iu/ml, with 1x10'° titers on
average. AAV serotype 5 is used because it is tropic for
neurons in striatum and cortex, our target brain regions. Also,
it diffuses widely from the injection site (Alisky 2000, David-
son 2000). Ten-fold dilutions of FIV and AAV generally
results in a greater than 10-fold drop in transduction effi-
ciency, making comparisons at equal titers, and dose escala-
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tion studies, unreasonable. Thus, both viruses are tested at the
highest titers routinely available to get a fair assessment of
their capacities for efficacy in N171-82Q mice. All viruses
express the humanized Renilla reniformis green fluorescent
protein (hrGFP) reporter transgene in addition to the shRNA
sequence (FIG. 15). This provides the unique opportunity to
look at individual, transduced cells, and to compare patho-
logical improvements in transduced vs. untransduced cells.

Injections. Mice are placed into a David Kopf frame for
injections. Mice are injected into the striatum (5 microliters;
100 nl/min) and the cortex (3 microliters; 75 nl/min) using a
Hamilton syringe and programmable Harvard pump. The
somatosensory cortex is targeted from a burr hole at -1.5 mm
from Bregma, and 1.5 mm lateral. Depth is 0.5 mm. The
striatum is targeted through a separate burr hole at +1.1 mm
from Bregma, 1.5 mm lateral and 2 mm deep. Only the right
side of the brain is injected, allowing the left hemisphere to be
used as a control for transgene expression levels and presence
or absence of inclusions.

Briefly, groups of 4 week-old mice heterozygous for the
N171-82Q transgene and their age-matched wildtype litter-
mates are injected with FIV (FIV groups are VSVg.FIV.sh-
HDEx2.2, VSVg.FIVshlacZ, VSVg.hrGFP, saline) or AAV
(AAV groups are AAVS.shHDEx2.2, AAV5shlacZ, AAVS
hrGFP, saline) (n=18/group; staggered injections because of
the size of the experiment). [Names of shHDEx2.2 and shlacZ
expressing viruses have been shortened from shlacZ.hrGFP,
for example, to make it easier to read—but all vectors express
hrGFP as reporter.] Nine mice/group are sacrificed at 12
weeks of age to assess the extent of transduction (eGFP
fluorescence; viral copy number/brain region), shRNA
expression (northern for shRNAs, and inhibition of expres-
sion of the transgenic allele (QPCR and western blot). The
remaining groups are sacrificed at 5 months of age. This
experimental set up is repeated (to n=6/group) to confirm
results and test inter-experiment variability.

All mice in all groups are weighed bi-weekly (every other
week) after initial weekly measurements. N171-82Q mice
show normal weight gain up to approximately 6 weeks, after
which there are significant differences with their wildtype
littermates.

PCR Analyses. Brains are harvested from mice sacrificed
at 12 weeks of age, and grossly evaluated for GFP expression
to confirm transduction. The cortex and striatum from each
hemisphere is dissected separately, snap frozen in liquid N2,
pulverized with a mortar and pestle, and resuspended in Tri-
7ol (Gibco BRL). Separate aliquots are used for Q-RTPCR
for N171-82Q transgenes and DNA PCR for viral genomes. A
coefficient of correlation is determined for transgene silenc-
ing relative to viral genomes for both vector systems, for the
regions analyzed and compared to contralateral striata and
mice injected with control vectors or saline.

The RNA harvested is used to evaluate activation of inter-
feron-responsive genes. Bridges et al (Bridges 2003) and
Sledz and colleagues (Sledz 2003) found activation of 2'5'
oligo(A) polymerase (OAS) in cell culture with siRNAs and
shRNAs, the latter expressed from lentivirus vectors. Gene
expression changes are assessed using QPCR for OAS, Statl,
interferon-inducible transmembrane proteins 1 and 2 and pro-
tein kinase R(PKR). PKR activation is an initial trigger of the
signaling cascade of the interferon response.

Protein Analyses. A second set of 3 brains/group are har-
vested for protein analysis. Regions of brains are micro dis-
sected as described above, and after pulverization are resus-
pended in extraction buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 1 mM
BetaME, 1x complete protease inhibitor cocktail) for analy-
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sis by western blot. HrGFP expression are evaluated and
correlated to diminished levels of soluble N171-82Q using
anti-GFP and antibodies to the NH2-terminal region of htt
(EM48) or the polyglutamine tract (IC2).

Histology. Histology is done on the remaining animals.
Mice are perfused with 2% paraformaldehyde in PBS, brains
blocked to remove the cerebellum, post-fixed ON, and then
cryoprotected in 30% sucrose. Full coronal sections (40 pm)
of the entire cerebrum are obtained using a Microtome
(American Products Co #860 equipped with a Super Histo
Freeze freezing stage). Briefly, every section is collected, and
sections 1-6 are placed into 6 successive wells of a 24-well
plate. Every 400 microns, two sections each of 10 microns are
collected for Nissl and H&E staining. The process is repeated.

EM-48 immuno-staining reveals diffuse nuclear accumu-
lations in N171-82Q mice as early as 4 weeks of age. In 6 mo.
old mice inclusions are extensive (Shilling 2001). The
increase in cytoplasmic and nuclear EM48 immuno-reactiv-
ity, and in EM48 immuno-reactive inclusions over time allow
quantitative comparisons between transduced and untrans-
duced cells. Again, control values are obtained from mice
injected with shlacZ-expressing vectors, saline injected mice,
and wt mice. The contralateral region is used as another
control, with care taken to keep in mind the possibility of
retrograde and anterograde transport of virus from the injec-
tion site.

Quantitation of nuclear inclusions is done using Bio-
Quant™ software in conjunction with a Leitz DM RBE
upright microscope equipped with a motorized stage (Ap-
plied Scientific Instruments). Briefly, floating sections are
stained with anti-NeuN (AMCA secondary) and EM48 anti-
bodies (rhodamine secondary) followed by mounting onto
slides. The regions to be analyzed are outlined, and threshold
levels for EM48 immunoreactivity set using sections from
control injected mice. A minimum of 50 hrGFP-positive and
hrGFP negative neurons cells are evaluated per slide (5 slides/
mouse), and inclusion intensity measured (arbitrary units).
This is done for both striata and cortices. To quantitate cyto-
plasmic inclusions, the striatum is outlined and total EM48
aggregate density measured. Threshold values are again done
using control hemispheres and control injected mice.

Additional wells of sections are stained with anti-GFAP,
anti-neurofilament, and the lectin GSA to assay for viral or
viral+hairpin induced gliosis, neuritic changes, and micro-
glial activation, respectively. GFAP-stained brain sections
from N171-82Q mice show gliosis by 4 months (Yu 1998),
although earlier time points have not been reported.

Stereology. In a separate experiment on N171-82Q mice
and wt mice, unbiased stereology using BioQuant™ software
is done to assess transduction efficiency. Stereology allows
for an unbiased assessment of efficiency of transduction
(number of cells transduced/input). AAVS (AAVS hrGFP,
AAV5shHD.hrGFP) and FIV (VSVg.FIVhrGFP, VSVg.
FIVshHD.hrGFP) transduction efficiency is compared in the
striatum and somatosensory cortex in HD and wildtype mice,
with n=5 each. Mice are harvested at 12 and 20 weeks. The
cerebrum is sectioned in its entirety and stored at —20° C. until
analysis. Briefly, six weeks after gene transfer with VSVg.
FIVhrGFP (n=3) or AAVS hrGFP (n=3), every section of an
HD mouse cerebrum is mounted and an initial assessment of
the required numbers of sections and grid and dissector size
done using the coefficient of error (as determined by Marther-
on’s quadratic approximation formula) as a guide.

The 171-82Q HD mouse model has important neuropatho-
logical and behavioral characteristics relevant to HD. Onset
of'disease occurs earlier than HD knock-in or YAC transgenic
models, allowing an initial, important assessment of the pro-
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tective effects of RNAi on the development of neuropathol-
ogy and dysfunctional behavior, without incurring extensive
long term housing costs. Admittedly, disease onset is slower
and less aggressive than the R6/2 mice created by Bates and
colleagues (Mangiarini 1996), but the R6/2 line is difficult to
maintain and disease is so severe that it may be less applicable
and less predicative of efficacy in clinical trials.

N171-82Q mice (n=6/group) and age-matched littermates
(n=6/group) are be weighed twice a month from 4 wks on, and
baseline rotarod tests performed at 5 and 7 weeks of age.
Numbers of mice per group are as described in Schilling et al
(Shilling 1999) in which statistically significant differences
between N171-82Q and wildtype littermates were described.
At 7 weeks of age (after testing is complete), AAV (AAVsh-
HDEx2.2, AAVshlacZ, AAVhrGFP, saline) or FIV
(FIVshEx2.2, FIVshlacZ, FIVhrGFP, saline) is injected bilat-
erally into the striatum and cortex. Rotarod tests are repeated
at 3-week intervals starting at age 9 weeks, until sacrifice at 6
months. The clasping behavior is assessed monthly starting at
3 months.

Behavioral Testing. N171-82Q mice are given four behav-
ioral tests, all of which are standard assays for progressive
disease in HD mouse models. The tests allow comparisons of
behavioral changes resulting from RNA to those incurred in
HD mouse models given other experimental therapies. For
example, HD mice given cystamine or creatine therapy
showed delayed impairments in rotarod performance, and in
some cases delayed weight loss (Ferrante 2000, Dedeoglu
2002, Dedeogu 2003) In addition to the rotarod, which is used
to assay for motor performance and general neurological
dysfunction, the activity monitor allows assessment of the
documented progressive hypoactivity in N171-82Q mice.
The beam analysis is a second test of motor performance that
has also been used in HD mice models (Carter 1999). Clasp-
ing, a phenotype of generalized neurological dysfunction, is
straightforward and takes little time. Clasping phenotypes
were corrected in R. Hen’s transgenic mice possessing an
inducible mutant htt.

Accelerated Rotarod. N171-82Q and age-matched litter-
mates are habituated to the rotarod at week 4, and 4 trials per
day for 4 days done on week 5 and 7, and every 3 weeks hence
using previously described assays (Shilling 1999, Clark
1997) in use in the lab. Briefly, 10 min trials are run on an
Economex rotarod (Columbus Instruments) set to accelerate
from 4 to 40 rpm over the course of the assay. Latency to fall
is recorded and averages/group determined and plotted.
Based on prior work (Shilling 1999) 6 mice will give suffi-
cient power to assess significance.

Clasping Behavior. Normal mice splay their limbs when
suspended, but mice with neurological deficits can exhibit the
opposite, with fore and hind limbs crunched into the abdomen
(clasping). All mice are suspended and scored for clasping
monthly. The clasp must be maintained for at least 30 sec. to
be scored positive.

Activity Monitor. Most HD models demonstrate hypoki-
netic behavior, particularly later in the disease process. This
can be measured in several ways. One ofthe simplest methods
is to monitor home cage activity with an infrared sensor
(AB-system 4.0, Neurosci Co., LTD). Measurements are
taken over 3 days with one day prior habituation to the testing
cage (standard 12-hour light/dark cycle). Activity monitoring
is done at 12, 17, and 20 and 23 weeks of age.

Beam Walking. N171Q-82Q and age matched littermates
are assayed for motor performance and coordination using a
series of successively more difficult beams en route to an
enclosed safety platform. The assay is as described by Carter
etal (Carter 1999). Briefly, 1 meter-length beams of 28, 17 or
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11 mm diameter are placed 50 cm above the bench surface. A
support stand and the enclosed goal box flank the ends. Mice
are trained on the 11 mm beam at 6 weeks of age over 4 days,
with 3 trials per day. If mice can traverse the beam in <20 sec.
trials are initiated. A trial is then run on each beam, largest to
smallest, with a 60 sec cutoff/beam and one minute rest
between beams. A second trial is run and the mean scores of
the two trials evaluated.

RNAI cannot replace neurons; it only has the potential to
protect non-diseased neurons, or inhibit further progression
of'disease at a point prior to cell death. N171-82Q mice do not
show noticeable cellular loss, and is therefore an excellent
model of early HD in humans. The general methodology is
the similar to that described above, except that the viruses are
injected at 4 months, when N171-82Q mice have measurable
behavioral dysfunction and inclusions. Animals are sacrificed
at end stage disease or at 8 months, whichever comes first.
Histology, RNA and protein in harvested brains are analyzed
as described above.

It is important to confirm the biological effects of virally
expressed shHDs in a second mouse model, as it is with any
therapy. The Detloft knock-in mouse (the CHL2 line, also
notated as HdhCAGQ150) is used as a second model of early
HD disease phenotypes. These mice have a CAG expansion
of approximately 150 units, causing brain pathologies similar
to HD including gliosis and neural inclusions in the cortex
and striatum. They also show progressive motor dysfunction
and other behavioral manifestations including rotarod defi-
cits, clasping, gait abnormalities and hypoactivity.

Heterozygous CHL.2 mice express the mutant and wildtype
allele at roughly equivalent levels, and shRNAs directed
against mouse HD silence both transcripts. shmHDEx2.1
causes reductions in gene expression, but not complete
silencing. Disease severity in mouse models is dependent on
mutant htt levels and CAG repeat length.

The inventors created shmHDEx2 (shRNA for murine HD)
directed against a region in mouse exon 2 that reduces expres-
sion of the full-length mouse Hdh transcript in vitro. Trans-
duction of neurons with shmHDEx2-expressing viruses, and
its impacts on neuropathological progression, behavioral
dysfunction and the appearance of EM48 immuno-reactive
inclusions in CHL2 mice is tested. shmHD- or shlacZ-ex-
pressing vectors in CHIL.2 and wildtype brain is tested. In this
experiment, virus is injected into the striatum of wt or CHL.2
mice (10/group) using the coordinates described above, at 3
months of age. Two months later mice are sacrificed and
brains removed and processed for RNA (n=5/group) and pro-
tein (n=5).

A second study tests the vectors in the Detloff model.
Briefly, 15 mice per group are injected into the striatum and
cortex at 3 months of age with AAV (AAVshmHD,
AAVshlacZ, AAVhrGFP, saline) or FIV (VSVg FIV.shmHD,
VSVg FIVshlacZ, VSVg.FIVhrGFP, saline) expressing the
transgenes indicated. To assess the impact of RNAI, activity
performed. The mice are sacrificed at 16-18 months of age
and five brains/group are processed for histology and sections
banked in 24-well tissue culture plates. The remaining brains
are processed for RNA (n=6) and protein analysis (n=5).
Northern blots or western blots are required to analyze wild-
type and mutant htt expression because the only distinguish-
ing characteristic is size.

Development of Effective Allele-Specific siRNAs

Mutant htt leads to a toxic gain of function, and inhibiting
expression of the mutant allele has a profound impact on
disease (Yamamoto 2000). Also, selectively targeting the dis-
ease allele would be desirable if non-disease allele silencing
is deleterious. At the present time, there is one documented
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disease linked polymorphism in exon 58 (Lin 2001). Most
non-HD individuals have 4 GAGs in Hdh exon 58 while 38%
of HD patients have 3 GAGs. As described above, RNAi can
be accomplished against the 3-GAG repeat.

Prior work by the inventors showed the importance of
using full-length targets for testing putative shRNAs. In some
cases, shRNAs would work against truncated, but not full-
length targets, or vice-versa. Thus, it is imperative that test-
able, full-length constructs are made to confirm allele-spe-
cific silencing. The V5 and FLAG tags provide epitopes to
evaluate silencing at the mRNA and protein levels. This is
important as putative shRNAs may behave as miRNAs, lead-
ing to inhibition of expression but not message degradation.

Designing the siRNAs. Methods are known for designing
siRNAs (Miller 2003, Gonzalez- Alegre 2003, Xia 2002, Kao
2003). Information is also know about the importance of
maintaining flexibility at the 5' end of the antisense strand for
loading of the appropriate antisense sequence into the RISC
complex (Khvorova 2003 Schwarz 2003). DNA sequences
are generated by PCR. This method allows the rapid genera-
tion of many candidate shRNAs, and it is significantly
cheaper than buying shRNAs. Also, the inserts can be cloned
readily into our vector shuttle plasmids for generation of
virus. The reverse primer is a long oligonucleotide encoding
the antisense sequence, the loop, the sense sequence, and a
portion of the human U6 promoter. The forward primer is
specific to the template in the PCR reaction. PCR products are
cloned directly into pTOPO blunt from InVitrogen, plasmids
transformed into DHS5a, and bacteria plated onto Kanr plates
(the PCR template is Ampr). Kanr clones are picked and
sequenced. Sequencing is done with an extended ‘hot start’ to
allow eftective read-through ofthe hairpin. Correct clones are
transfected into cells along with plasmids expressing the tar-
get or control sequence (HttEx58.GAG3VS5 and
HttEx58.GAG4FLAG, respectively) and silencing evaluated
by western blot. Reductions in target mRNA levels are
assayed by Q-RTPCR. The control for western loading is
neomycin phosphotransterase or hrGFP, which are expressed
in the target-containing plasmids and provide excellent inter-
nal controls for transfection efficiency. The control for Q-RT-
PCR is HPRT.

Cell lines expressing targets with the identified polymor-
phism or control wildtype sequences are created. Target gene
expression are under control of an inducible promoter. PC6-3,
Tet repressor (TetR+) cells, a PC-12 derivative with a uniform
neuronal phenotype (Xia 2002) are used. PC6-3 cells are
transfected with plasmids expressing HDEx58.GAG3V5S
(contains neo marker) and HDExS58GAG4FLG (contains
puro marker), and G418+/puromycin+ positive clones
selected and characterized for transcript levels and htt-V5 or
htt-Flag protein levels.

FIV vectors expressing the allele specific shRNAs are gen-
erated and used to test silencing in the inducible cell lines.
FIV vectors infect most epithelial and neuronal cell lines with
high efficiency and are therefore useful for this purpose. They
also efficiently infect PC6-3 cells. AAV vectors are currently
less effective in in vitro screening because of poor transduc-
tion efficiency in many cultured cell lines.

Cells are transduced with 1 to 50 infectious units/cell in
24-well dishes, 3 days after induction of mutant gene expres-
sion. Cells are harvested 72 h after infection and the effects on
HDEx58.GAG3V5 or HDEx58GAG4FLG expression moni-
tored.

Example 5
Micro RNAi-Therapy for Polyglutamine Disease

Post-transcriptional gene silencing occurs when double
stranded RNA (dsRNA) is introduced or naturally expressed
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in cells. RNA interference (RNAi) has been described in
plants (quelling), nematodes, and Drosophila. This process
serves at least two roles, one as an innate defense mechanism,
and another developmental (Waterhouse 2001 Fire 1999, Lau
2001, Lagos-Quintana 2001, Lee 2001). RNAi may regulate
developmental expression of genes via the processing of
small, temporally expressed RNAs, also called microRNAs
(Knight 2001, Grishok 2001). Harnessing a cell’s ability to
respond specifically to small dsRNAs for target mRNA deg-
radation has been a major advance, allowing rapid evaluation
of gene function (Gonczy 2000, Fire 1998, Kennerdell 1998,
Hannon 2002, Shi 2003, Sui 2002).

Most eukaryotes encode a substantial number of small
noncoding RNAs termed micro RNAs (miRNAs) (Zeng
2003, Tijsterman 2004, Lee 2004, Pham 2004). mir-30 is a
22-nucleotide human miRNA that can be naturally processed
from a longer transcript bearing the proposed miR-30 stem-
loop precursor. mir-30 can translationally inhibit an mRNA-
bearing artificial target sites. The mir-30 precursor stem can
be substituted with a heterologous stem, which can be pro-
cessed to yield novel miRNAs and can block the expression of
endogenous mRNAs.

Huntington’s disease (HD) and Spinocerebellar ataxia type
1 (SCAL1) are two of a class of dominant, neurodegenerative
diseases caused by a polyglutamine (polyQ) expansion. The
mutation confers a toxic gain of function to the protein, with
polyQ length predictive of age of onset and disease severity.
There is no curative or preventative therapy for HD or SCAL1,
supporting the investigation of novel strategies. As described
above, the inventors showed that gene silencing by RNA
interference (RNA1) can be achieved in vitro and in vivo by
expressing short hairpin RNAs (shRNAs) specific for
mRNAs encoding ataxin-1 or huntingtin. Currently, strong,
constitutive pol Il promoters (U6 and H1) are used to express
shRNAs, which are subsequently processed into functional
small interfering RNAs (siRNAs). However, strong, consti-
tutive expression of shRNAs may be inappropriate for dis-
eases that take several decades to manifest. Moreover, high-
level expression may be unnecessary for sustained benefit,
and in some systems may induce a non-specific interferon
response leading to global shut-down of gene expression. The
inventors therefore generated pol II-expressed microRNAs
(miRNAs) as siRNA shuttles as an alternative strategy. Dueto
their endogenous nature, miRNA backbones may prevent the
induction of the interferon response.

Using human mir-30 as a template, miRNA shuttles were
designed that upon processing by dicer released siRNAs spe-
cific for ataxin-1. Briefly, the constructs were made by clon-
ing a promoter (such as an inducible promoter) and an
miRNA shuttle containing an embedded siRNA specific for a
target sequence (such as ataxin-1) into a viral vector. By
cloning the construct into a viral vector, the construct can be
effectively introduced in vivo using the methods described in
the Examples above. Constructs containing pol II-expressed
miRNA shuttles with embedded ataxin-1-specific siRNAs
were co-transfected into cells with GFP-tagged ataxin-1, and
gene silencing was assessed by fluorescence microscopy and
western analysis. Dramatic and dose-dependent gene silenc-
ing relative to non-specific miRNAs carrying control siRNAs
was observed. This pol II-based expression system exploits
the structure of known miRNAs and supports tissue-specific
as well as inducible siRNA expression, and thus, serves as a
unique and powerful alternative to dominant neurodegenera-
tive disease therapy by RNAi.

Briefly, the constructs were made by cloning a promoter
(such as an inducible promoter) and an miRNA shuttle con-
taining an embedded siRNA specific for a target sequence
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(such as ataxin-1) into a viral vector. By cloning the construct
into a viral vector, the construct can be effectively introduced
in vivo using the methods described in the Examples above.

Example 6

siRNA Suppression of Genes Involved in
MID/SCA3 and FTDP-17

Modulation of gene expression by endogenous, noncoding
RNAs is increasingly appreciated to play a role in eukaryotic
development, maintenance of chromatin structure and
genomic integrity. Recently, techniques have been developed
to trigger RNA interference (RNA1) against specific targets in
mammalian cells by introducing exogenously produced or
intracellularly expressed siRNAs. These methods have
proven to be quick, inexpensive and effective for knockdown
experiments in vitro and in vivo. The ability to accomplish
selective gene silencing has led to the hypothesis that siRNAs
might be employed to suppress gene expression for therapeu-
tic benefit.

Dominantly inherited diseases are ideal candidates for
siRNA-based therapy. To explore the utility of siRNA in
inherited human disorders, the inventors employed cellular
models to test whether we could target mutant alleles causing
two classes of dominantly inherited, untreatable neurodegen-
erative diseases: polyglutamine (polyQ) neurodegeneration
in MID/SCA3 and frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP-17). The polyQ
neurodegenerative disorders consist of at least nine diseases
caused by CAG repeat expansions that encode polyQ in the
disease protein. PolyQQ expansion confers a dominant toxic
property on the mutant protein that is associated with aberrant
accumulation of the disease protein in neurons. In FTDP-17,
Tau mutations lead to the formation of neurofibrillary tangles
accompanied by neuronal dysfunction and degeneration. The
precise mechanisms by which these mutant proteins cause
neuronal injury are unknown, but considerable evidence sug-
gests that the abnormal proteins themselves initiate the patho-
genic process. Accordingly, eliminating expression of the
mutant protein by siRNA or other means should, in principle,
slow or even prevent disease. However, because many domi-
nant disease genes may also encode essential proteins, the
inventors sought to develop siRNA-mediated approaches that
selectively inactivate mutant alleles while allowing continued
expression of the wild type protein.

Methods

siRNA Synthesis. In vitro siRNA synthesis was previously
described (Donze 2000). Reactions were performed with
desalted DNA oligonucleotides (IDT Coralville, lowa) and
the AmpliScribeT7 High Yield Transcription Kit (Epicentre
Madison, Wis.). Yield was determined by absorbance at 260
nm. Annealed siRNAs were assessed for double stranded
character by agarose gel (1% w/v) electrophoresis and
ethidium bromide staining. Note that for all siRNAs gener-
ated in this study the most 5' nucleotide in the targeted cDNA
sequence is referred to as position 1 and each subsequent
nucleotide is numbered in ascending order from 5' to 3'.

Plasmid Construction. The human ataxin-3 cDNA was
expanded to 166 CAG’s by PCR (Laccone 1999). PCR prod-
ucts were digested at BamHI and Kpnl sites introduced dur-
ing PCR and ligated into BglIl and Kpnl sites of pEGFP-N1
(Clontech) resulting in full-length expanded ataxin-3 fused to
the N-terminus of EGFP. Untagged Ataxin-3-Q166 was con-
structed by ligating a PpuMI-Notl ataxin-3 fragment (3' of the
CAG repeat) into Ataxin-3-Q166-GFP cut with PpuMI and
Notl to remove EGFP and replace the normal ataxin-3 stop
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codon. Ataxin-3-Q28-GFP was generated as above from
pcDNA3.1-ataxin-3-Q28. Constructs were sequence verified
to ensure that no PCR mutations were present. Expression
was verified by Western blot with anti-ataxin-3 (Paulson
1997) and GFP antibodies (MBL). The construct encoding a
flagtagged, 352 residue tau isoform was previously described
(Leger 1994). The pEGFP-tau plasmid was constructed by
ligating the human tau ¢cDNA into pEGFP—C2 (Clontech)
and encodes tau with EGFP fused to the amino terminus. The
pEGFP-tauV337M plasmid was derived using site-directed
mutagenesis (QuikChange Kit, Stratagene) of the pEFGP-tau
plasmid.

Cell Culture and Transfections. Culture of Cos-7 and HeLa
cells has been described (Chai 1999b). Transfections with
plasmids and siRNA were performed using Lipofectamine
Plus (LifeTechnologies) according to the manufacturer’s
instructions. For ataxin-3 expression 1.5 pg plasmid was
transfected with 5 pg in vitro synthesized siRNAs. For Tau
experiments 1 ug plasmid was transfected with 2.5 pg siRNA.
For expression of hairpin siRNA from the phU6 constructs, 1
ng ataxin-3 expression plasmid was transfected with 4 ng
phU6-siC10i or phU6-siG10i. Cos-7 cells infected with
siRNA-expressing adenovirus were transfected with 0.5 ng of
each expression plasmid.

Stably transfected, doxycycline-inducible cell lines were
generated in a subclone of PC12 cells, PC6-3, because of its
strong neural differentiation properties (Pittman 19938). A
PC6-3 clone stably expressing Tet repressor plasmid (pro-
vided by S. Strack, Univ. of lowa), was transfected with
pcDNAS/TO-ataxin-3(Q28) or pcDNAS/TO-ataxin-3(Q166)
(Invitrogen). After selection in hygromycin, clones were
characterized by Western blot and immunofluorescence. Two
clones, PC6-3-ataxin3(Q28)#33 and PC6-3-ataxin3(Q166)
#41, were chosen because of their tightly inducible, robust
expression of ataxin-3.

siRNA Plasmid and Viral Production. Plasmids expressing
ataxin-3 shRNAs were generated by insertion of head-to-
head 21 by hairpins in phU®6 that corresponded to siC10 and
siG10 (Xia 2002).

Recombinant adenovirus expressing ataxin-3 specific
shRNA were generated from phU6-C10i (encoding C10 hair-
pin siRNA) and phU6si-G 10i (encoding G 10 hairpin siRNA)
as previously described (Xia 2002, Anderson 2000).

Western Blotting and Immunofluorescence. Cos-7 cells
expressing ataxin-3 were harvested 24-48 hours after trans-
fection (Chai 1999b). Stably transfected, inducible cell lines
were harvested 72 hours after infection with adenovirus.
Lysates were assessed for ataxin-3 expression by Western
blot analysis as previously described (Chai 1999b), using
polyclonal rabbit anti-ataxin-3 antisera at a 1:15,000 dilution
or 1C2 antibody specific for expanded polyQ tracts (Trottier
1995) at a 1:2,500 dilution. Cells expressing Tau were har-
vested 24 hours after transfection. Protein was detected with
an affinity purified polyclonal antibody to a human tau pep-
tide (residues 12-24) at a 1:500 dilution. Anti-alpha-tubulin
mouse monoclonal antibody (Sigma St. Louis, Mo.) was used
at a 1:10,000 dilution and GAPDH mouse monoclonal anti-
body (Sigma St. Louis, Mo.) was used at a 1:1,000 dilution.

Immunofluorescence for ataxin-3 (Chai 1999b) was car-
ried out using 1 C2 antibody (Chemicon International
Temecula, Calif.) at 1:1,000 dilution 48 hours after transfec-
tion. Flag-tagged, wild type tau was detected using mouse
monoclonal antibody (Sigma St. Louis, Mo.) at 1:1,000 dilu-
tion 24 hours after transfection. Both proteins were detected
with rhodamine conjugated secondary antibody at a 1:1,000
dilution.
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Fluorescent Imaging and Quantification. Fixed samples
were observed with a Zeiss Axioplan fluorescence micro-
scope. Digital images were collected on separate red, green
and blue fluorescence channels using a SPOT digital camera.
Images were assembled and overlaid using Adobe Photoshop
6.0. Live cell images were collected with a Kodak MDS 290
digital camera mounted to an Olympus (Tokyo, Japan) CK40
inverted microscope. Fluorescence was quantitated by col-
lecting 3 non-overlapping images per well at low power
(10x). Pixel count and intensity for each image was deter-
mined using Bioquant Nova Prime software (BIOQUANT
Image Analysis Corporation). Background was subtracted by
quantitation of images from cells of equivalent density under
identical fluorescent illumination. Mock transfected cells
were used to assess background fluorescence for all experi-
ments and were stained with appropriate primary and second-
ary antibodies for simulated heterozygous experiments. Aver-
age fluorescence is reported from 2 to 3 independent
experiments. The mean of 2 to 3 independent experiments for
cells transfected with the indicated expression plasmid and
siMiss was set at one. Errors bars depict variation between
experiments as standard error of the mean. In simulated het-
erozygous experiments, a blinded observer scored cells with
a positive fluorescence signal for expression of wild type,
mutant or both proteins in random fields at high power for two
independent experiments. More than 100 cells were scored in
each experiment and reported as number of cells with co-
expression divided by total number of transfected cells.

Results

Direct Silencing of Expanded Alleles. The inventors first
attempted suppression of mutant polyQ expression using
siRNA complementary to the CAG repeat and immediately
adjacent sequences to determine if the expanded repeat dif-
ferentially altered the susceptibility of the mutant allele to
siRNA inhibition (FIG. 17). HeL a cells were transtected with
various in vitro synthesized siRNAs (Danze 2002) and plas-
mids encoding normal or expanded polyQ fused to red or
green fluorescent protein, respectively (Q19-RFP and Q80-
GFP) (FIG. 16A). In negative control cells transfected with
Q80-GFP, Q19-RFP and a mistargeted siRNA (siMiss), Q80-
GFP formed aggregates (Onodera 1997) which recruited the
normally diffuse Q19-RFP (FIG. 16 A). When the experiment
was performed with siRNA targeted to GFP as a positive
control for allele specific silencing, Q80-GFP expression was
nearly abolished while Q19-RFP continued to be expressed
as a diffusely distributed protein (FIG. 16A). When Q19-RFP
and Q80-GFP were co-transfected with siRNA directly tar-
geting the CAG repeat (siCAG) (FIG. 16A) or an immedi-
ately adjacent 5' region (data not shown), expression of both
proteins was efficiently suppressed.

To test whether siRNA could selectively silence expression
of'a full-length polyQ disease protein, siRNAs were designed
that target the transcript encoding ataxin-3, the disease pro-
tein in Machado-Joseph Disease, also known as Spinocer-
ebellar Ataxia Type 3 (MJD/SCA3) (Zoghbi 2000) (FIG.
16B). In transfected cells, siRNA directed against three sepa-
rate regions—the CAG repeat, a distant 5' site, or a site just 5'
to the CAG repeat (siN'CAG)—resulted in efficient, but not
allele-specific, suppression of ataxin-3 containing normal or
expanded repeats (data not shown). Consistent with an earlier
study using longer dsRNA (Caplen 2002) the present results
show that expanded CAG repeats and adjacent sequences,
while accessible to RNA1, may not be preferential targets for
silencing.

Allele-specific Silencing of the Mutant PolyQ Gene in
MID/SCA3. In further efforts to selectively inactivate the
mutant allele the inventors took advantage of a SNP in the
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MID 1 gene, a G to C transition immediately 3' to the CAG
repeat (G987C) (FIG. 16B). This SNP is in linkage disequi-
librium with the disease-causing expansion, in most families
segregating perfectly with the disease allele. Worldwide, 70%
of disease chromosomes carry the C variant (Gaspar 2001).
The present ataxin-3 expression cassettes, which were gen-
erated from patients (Paulson 1997), contain the C variant in
all expanded ataxin-3 constructs and the G variant in all
normal ataxin-3 constructs. To test whether this G-C mis-
match could be distinguished by siRNA, siRNAs were
designed that included the last 2 CAG triplets of the repeat
followed by the C variant at position 7 (siC7) (FIG. 17 and
FIG. 16B), resulting in a perfect match only for expanded
alleles. Despite the presence of a single mismatch to the wild
type allele, siC7 strongly inhibited expression of both alleles
(FIG. 16C,D). A second G-C mismatch was then introduced
at position 8 such that the siRNA contained two mismatches
as compared to wild type and only one mismatch as compared
to mutant alleles (siC7/8). The siC7/8 siRNA eftectively sup-
pressed mutant ataxin-3 expression, reducing total fluores-
cence to an average 8.6% of control levels, with only modest
effects on wild type ataxin-3 (average 75.2% of control).
siC7/8 also nearly eliminated the accumulation of aggregated
mutant ataxin-3, a pathological hallmark of disease (Chan
2000) (FIG. 16D).

To optimize differential suppression, siRNAs were
designed containing a more centrally placed mismatch.
Because the center of the antisense strand directs cleavage of
target mRNA in the RNA Induced Silencing Complex (RISC)
complex (Elbashir 2001¢), it was reasoned that central mis-
matches might more efficiently discriminate between wild
type and mutant alleles. siRNAs were designed that place the
C of the SNP at position 10 (siC 10), preceded by the final
three triplets in the CAG repeat (FIG. 17 and FIG. 16B). In
transfected cells, siC10 caused allele-specific suppression of
the mutant protein (FIG. 16C,D). Fluorescence from
expanded Atx-3-Q166-GFP was dramatically reduced (7.4%
of control levels), while fluorescence of Atx-3-Q28-GFP
showed minimal change (93.6% of control; FIG. 16C,D).
Conversely, siRNA engineered to suppress only the wild type
allele (si(G10) inhibited wild type expression with little effect
on expression of the mutant allele (FIG. 16C,D). Inclusion of
three CAG repeats at the 5' end of the siRNA did not inhibit
expression of Q19-GFP, Q80-GFP, or full-length ataxin-1-
Q30 proteins that are each encoded by CAG repeat containing
transcripts (FIG. 18).

In the disease state, normal and mutant alleles are simul-
taneously expressed. In plants and worms, activation of RNAi
against one transcript results in the spread of silencing signals
to other targets due to RNA-dependent RNA polymerase
(RDRP) activity primed by the introduced RNA (Fire 1998,
Tang 2003). Although spreading has not been detected in
mammalian cells and RDRP activity is not required for effec-
tive siRNA inhibition (Chiu 2002, Schwarz 2002, Martinez
2002), most studies have used cell-free systems in which a
mammalian RDRP could have been inactivated. If triggering
the mammalian RNAi pathway against one allele activates
cellular mechanisms that also silence the other allele, then
siRNA applications might be limited to non-essential genes.
To test this possibility, the heterozygous state was simulated
by co-transfecting Atx-3-Q28-GFP and Atx-3-Q166 and ana-
lyzing suppression by Western blot. As shown in FIG. 16E
each siRNA retained the specificity observed in separate
transfections: siC7 inhibited both alleles, siG10 inhibited
only the wild type allele, and siC7/8 and siC 10 inhibited only
mutant allele expression.
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Effective siRNA therapy for late onset disease will likely
require sustained intracellular expression of the siRNA.
Accordingly, the present experiments were extended to two
intracellular methods of siRNA production and delivery:
expression plasmids and recombinant virus (Brummelkamp
2002, Xia 2002). Plasmids were constructed expressing
$iG10 or siC 10 siRNA from the human U6 promoter as a
hairpin transcript that is processed intracellularly to produce
siRNA (Brummelkamp 2002, Xia 2002). When co-trans-
fected with ataxin-3-GFP expression plasmids, phU6-G100
and phU6-C10i-siRNA plasmids specifically suppressed
wild type or mutant ataxin-3 expression, respectively (FIG.
16F).

This result encouraged the inventors to engineer recombi-
nant adenoviral vectors expressing allele-specific siRNA
(Xia 2002). Viral-mediated suppression was tested in Cos-7
cells transiently transfected with both Atx-3-Q28-GFP and
Atx-3-Q166 to simulate the heterozygous state. Cos-7 cells
infected with adenovirus encoding siG10, siC10 or negative
control siRNA (Ad-G10i, Ad-C10i, and Ad-LacZi respec-
tively) exhibited allele-specific silencing of wild type
ataxin-3 expression with Ad-G10i and of mutant ataxin-3
with Ad-C10i (FIG. 19A,B,C). Quantitation of fluorescence
(FIG. 19B) showed that Ad-G10i reduced wild type ataxin-3
to 5.4% of control levels while mutant ataxin-3 expression
remained unchanged. Conversely, Ad-C10i reduced mutant
ataxin-3 fluorescence levels to 8.8% of control and retained
97.4% of wild type signal. These results were confirmed by
Western blot where it was further observed that Ad-G10i
virus decreased endogenous (primate) ataxin-3 while
Ad-C10i did not (FIG. 19C).

Viral mediated suppression was also assessed in differen-
tiated PC12 neural cell lines that inducibly express normal
(Q28) or expanded (Q166) mutant ataxin-3. Following infec-
tion with Ad-G10i, Ad-C10i, or Ad-LacZi, differentiated neu-
ral cells were placed in doxycycline for three days to induce
maximal expression of ataxin-3. Western blot analysis of cell
lysates confirmed that the Ad-G100 virus suppressed only
wild type ataxin-3, Ad-C100 virus suppressed only mutant
ataxin-3, and Ad-LacZi had no effect on either normal or
mutant ataxin-3 expression (FIG. 19D). Thus, siRNA retains
its efficacy and selectivity across different modes of produc-
tion and delivery to achieve allele-specific silencing of ataxin-
3.

Allele-Specific Silencing of a Missense Tau Mutation. The
preceding results indicate that, for DNA repeat mutations in
which the repeat itself does not present an effective target, an
associated SNP can be exploited to achieve allele-specific
silencing. To test whether siRNA works equally well to
silence disease-causing mutations directly, the inventors tar-
geted missense Tau mutations that cause FTDP-17 (Poorkaj
1998, Hutton 1998). A series of 21-24 nt siRNAs were gen-
erated in vitro against four missense FTDP-17 mutations:
G272V, P301L,V337M, and R406W (FIG. 17 and FIG. 20A).
In each case the point mutation was placed centrally, near the
likely cleavage site in the RISC complex (position 9, 10or 11)
(Laccone 1999). A fifth siRNA designed to target a &'
sequence in all Tau transcripts was also tested. To screen for
siRNA-mediated suppression, the inventors co-transfected
GFP fusions of mutant and wild type Tau isoforms together
with siRNA into Cos-7 cells. Of the five targeted sites, the
inventors obtained robust suppression with siRNA corre-
sponding to V337M (FIG. 17 and FIG. 20A) (Poorkaj 1998,
Hutton 1998), and thus focused further analysis on this muta-
tion. The V337M mutation is a G to A base change in the first
position of the codon (GTG to ATG), and the corresponding
V337M siRNA contains the A missense change at position 9
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(s1A9). This intended V337M-specific siRNA preferentially
silenced the mutant allele but also caused significant suppres-
sion of wild type Tau (FIG. 20B,C).

Based on the success of this approach with ataxin-3, the
inventors designed two additional siRNAs that contained the
V337M (G to A) mutation at position 9 as well as a second
introduced G-C mismatch immediately 5' to the mutation
(s1A9/C8) or three nucleotides 3' to the mutation (siA9/C12),
such that the siRNA now contained two mismatches to the
wild type but only one to the mutant allele. This strategy
resulted in further preferential inactivation of the mutant
allele. One siRNA, siA9/C12, showed strong selectivity for
the mutant tau allele, reducing fluorescence to 12.7% of con-
trol levels without detectable loss of wild type Tau (FIG.
20B,C). Next, we simulated the heterozygous state by co-
transfecting V337M-GFP and flag-tagged WT-Tau expres-
sion plasmids (FIG. 21). In co-transfected Hel a cells, siA9/
C12 silenced the mutant allele (16.7% of control levels) with
minimal alteration of wild type expression assessed by fluo-
rescence (FIG. 21A) and Western blot (FIG. 21B). In addi-
tion, siA9 and siA9/C8 displayed better allele discrimination
than we had observed in separate transfections, but continued
to suppress both wild type and mutant tau expression (FIG.
21A,B,C).

Discussion

Despite the rapidly growing siRNA literature, questions
remain concerning the design and application of siRNA both
as a research tool and a therapeutic strategy. The present
study, demonstrating allele-specific silencing of dominant
disease genes, sheds light on important aspects of both appli-
cations.

Because many disease genes encode essential proteins,
development of strategies to exclusively inactivate mutant
alleles is important for the general application of siRNA to
dominant diseases. The present results for two unrelated dis-
ease genes demonstrate that in mammalian cells it is possible
to silence a single disease allele without activating pathways
analogous to those found in plants and worms that result in the
spread of silencing signals (Fire 1998, Tang 2003).

In summary, siRNA can be engineered to silence expres-
sion of disease alleles differing from wild type alleles by as
little as a single nucleotide. This approach can directly target
missense mutations, as in frontotemporal dementia, or asso-
ciated SNPs, as in MID/SCA3. The present stepwise strategy
for optimizing allele-specific targeting extends the utility of
siRNA to a wide range of dominant diseases in which the
disease gene normally plays an important or essential role.
One such example is the polyglutamine disease, Huntington
disease (HD), in which normal HD protein levels are devel-
opmentally essential (Nasir 1995). The availability of mouse
models for many dominant disorders, including MID/SCA3
(Cemal 2002), HD (Lin 2001), and FTDP-17 (Tanemura
2002), allows for the in vivo testing of siRNA-based therapy
for these and other human diseases.

Example 7
Therapy for DYT1 Dystonia
Allele-Specific Silencing of Mutant TorsinA

DYT1 dystonia is the most common cause of primary
generalized dystonia. A dominantly inherited disorder, DYT1
usually presents in childhood as focal dystonia that
progresses to severe generalized disease. With one possible
exception, all cases of DYT1 result from a common GAG
deletion in TOR1A, eliminating one of two adjacent glutamic
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acids near the C-terminus of the protein TorsinA (TA).
Although the precise cellular function of TA is unknown, it
seems clear that mutant TA (TAmut) acts through a dominant-
negative or dominant-toxic mechanism. The dominant nature
of'the genetic defect in DYT1 dystonia suggests that efforts to
silence expression of TAmut should have potential therapeu-
tic benefit.

Several characteristics of DY'T1 make it an ideal disease in
which to explore siRNA-mediated gene silencing as potential
therapy. Of greatest importance, the dominant nature of the
disease suggests that a reduction in mutant TA, whatever the
precise pathogenic mechanism proves to be, will be helpful.
Moreover, the existence of a single common mutation that
deletes a full three nucleotides suggests it may be feasible to
design siRNA that will specifically target the mutant allele
and will be applicable to all affected persons. Finally, there is
no effective therapy for DYT1, a relentless and disabling
disease. Thus, any therapeutic approach with promise needs
to be explored. Because TAwt may be an essential protein,
however, it is critically important that efforts be made to
silence only the mutant allele.

In the studies reported here, the inventors explored the
utility of siRNA for DYT1. As outlined in the strategy in FI1G.
22, the inventors sought to develop siRNA that would spe-
cifically eliminate production of protein from the mutant
allele. By exploiting the three base pair difference between
wild type and mutant alleles, the inventors successfully
silenced expression of TAmut without interfering with
expression of the wild type protein (TAwt).

Methods

siRNA design and synthesis Small-interfering RNA
duplexes were synthesized in vitro according to a previously
described protocol (Donze 2002), using AmpliScribeT7 High
Yield Transcription Kit (Epicentre Technologies) and
desalted DNA oligonucleotides (IDT). siRNAs were
designed to target different regions of human TA transcript: 1)
an upstream sequence common to both TAwt and TAmut
(com-siRNA); 2) the area corresponding to the mutation with
either the wild type sequence (wt-siRNA) or the mutant
sequence positioned at three different places (mutA-siRNA,
mutB-siRNA, mutC-siRNA); and 3) a negative control
siRNA containing an irrelevant sequence that does not target
any region of TA (mis-siRNA). The design of the primers and
targeted sequences are shown schematically in FIG. 23. After
in vitro synthesis, the double stranded structure of the result-
ant RNA was confirmed in 1.5% agarose gels and RNA con-
centration determined with a SmartSpect 3000 UV Spectro-
photometer (BioRad).

Plasmids pcDNA3 containing TAwt or TAmut cDNA were
kindly provided by Xandra Breakefield (Mass General Hos-
pital, Boston, Mass.). This construct was produced by cloning
the entire coding sequences of human TorsinA (1-332), both
wild-type and mutant (GAG deleted), into the mammalian
expression vector, pcDNA3 (Clontech, Palo Alto, Calif.).
Using PCR based strategies, an N-terminal hemagglutinin
(HA) epitope tag was inserted into both constructs. pEGFP—
C3-TAwt was kindly provided by Pullanipally Shashidharan
(Mt Sinai Medical School, NY). This construct was made by
inserting the full-length coding sequence of wild-type
TorsinA into the EcoRI and BamHI restriction sites of the
vector pEGFP—C3 (Clontech). This resulted in a fusion pro-
tein including eGFP, three “stuffer” amino acids and the 331
amino acids of TorsinA. HA-tagged TAmut was inserted into
the Apal and Sall restriction sites of pEGFP-C1 vector (Clon-
tech), resulting in a GFP-HA-TAmut construct.

Cell Culture and Transfections Methods for cell culture of
Cos-7 have been described previously (Chai 1999b). Trans-
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fections with DNA plasmids and siRNA were performed
using Lipofectamine Plus (LifeTechnologies) according to
the manufacturer’s instructions in six or 12 well plates with
cells at 70-90% confluence. For single plasmid transfection, 1
pg of plasmid was transfected with 5 ug of siRNA. For double
plasmid transfection, 0.75 pg of each plasmid was transfected
with 3.75 ng of siRNA.

Western Blotting and Fluorescence Microscopy. Cells
were harvested 36 to 48 hours after transfection and lysates
were assessed for TA expression by Western Blot analysis
(WB) as previously described (Chai 1999b). The antibody
used to detect TA was polyclonal rabbit antiserum generated
against a TA-maltose binding protein fusion protein (kindly
provided by Xandra Breakefield) at a 1:500 dilution. Addi-
tional antibodies used in the experiments described here are
the anti-HA mouse monoclonal antibody 12CAS (Roche) at
1:1,000 dilution, monoclonal mouse anti-GFP antibody
(MBL) at 1:1,000 dilution, and for loading controls, anti
a-tubulin mouse monoclonal antibody (Sigma) at 1:20,000
dilution.

Fluorescence visualization of fixed cells expressing GFP-
tagged TA was performed with a Zeiss Axioplan fluorescence
microscope. Nuclei were visualized by staining with 5 ng/ml
DAPI at room temperature for 10 minutes. Digital images
were collected on separate red, green and blue fluorescence
channels using a Diagnostics SPOT digital camera. Live cell
images were collected with a Kodak MDS 290 digital camera
mounted on an Olympus CK40 inverted microscope
equipped for GFP fluorescence and phase contrast micros-
copy. Digitized images were assembled using Adobe Photo-
shop 6.0.

Western Blot and Fluorescence Quantification. For quan-
tification of WB signal, blots were scanned with a Hewlett
Packard ScanJet 5100C scanner. The pixel count and inten-
sity of bands corresponding to TA and a-tubulin were mea-
sured and the background signal subtracted using Scion
Image software (Scion Corporation). Using the a-tubulin
signal from control lanes as an internal reference, the TA
signals were normalized based on the amount of protein
loaded per lane and the result was expressed as percentage of
TA signal in the control lane. Fluorescence quantification was
determined by collecting three non-overlapping images per
well at low power (10x), and assessing the pixel count and
intensity for each image with Bioquant Nova Prime software
(BIOQUANT Image Analysis Corporation). Background
fluorescence, which was subtracted from experimental
images, was determined by quantification of fluorescence
images of untransfected cells at equivalent confluence, taken
under identical illumination and exposure settings.

Results

Expression of Tagged TorsinA Constructs. To test whether
allele-specific silencing could be applied to DYT1, a way to
differentiate TAwt and TAmut proteins needed to be devel-
oped. Because TAwt and TAmut display identical mobility on
gels and no isoform-specific antibodies are available, amino-
terminal epitope-tagged TA constructs and GFP-TA fusion
proteins were generated that would allow distinguishing TAwt
and TAmut. The use of GFP-TA fusion proteins also facili-
tated the ability to screen siRNA suppression because it
allowed visualization of TA levels in living cells over time.

In transfected Cos-7 cells, epitope-tagged TA and GFP-TA
fusion protein expression was confirmed by using the appro-
priate anti-epitope and anti-TA antibodies. Fluorescence
microscopy in living cells showed that GFP-TAwt and GFP-
TAmut fusion proteins were expressed diffusely in the cell,
primarily in the cytoplasm, although perinuclear inclusions
were also seen. It is important to note that these construct
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were designed to express reporter proteins in order to assess
allele-specific RNA interference rather than to study TA func-
tion. The N-terminal epitope and GFP domains likely disrupt
the normal signal peptide-mediated translocation of TA into
the lumen of the endoplasmic reticulum, where TA is thought
to function. Thus, while these constructs facilitated expres-
sion analysis in the studies described here, they are of limited
utility for studying TA function.

Silencing TorsinA with siRNA. Various siRNAs were
designed to test the hypothesis that siRNA-mediated suppres-
sion of TA expression could be achieved in an allele-specific
manner (FIG. 23). Because siRNA can display exquisite
sequence specificity, the three base pair difference between
mutant and wild type TOR1A alleles might be sufficient to
permit the design of siRNA that preferentially recognizes
mRNA derived from the mutant allele. Two siRNAs were
initially designed to target TAmut (mutA-siRNA and mutB-
siRNA) and one to target TAwt (wt-siRNA). In addition, a
positive control siRNA was designed to silence both alleles
(com-siRNA) and a negative control siRNA of irrelevant
sequence (mis-siRNA) was designed. Cos-7 cells were first
cotransfected with siRNA and plasmids encoding either
GFP-TAwt or untagged TAwt at a siRNA to plasmid ratio of
5:1. With wt-siRNA, potent silencing of TAwt expression was
observed to less than 1% of control levels, based on western
blot analysis of cell lysates (FIGS. 24 A and 24C). With com-
siRNA, TAwt expression was suppressed to ~30% of control
levels. In contrast, mutA-siRNA did not suppress TAwt and
mutB-siRNA suppressed TAwt expression only modestly.
These results demonstrate robust suppression of TAwt
expression by wild type-specific siRNA but not mutant-spe-
cific siRNA.

To assess suppression of TAmut, the same siRNAs were
cotransfected with plasmids encoding untagged or
HA-tagged TAmut. With mutA-siRNA or mutB-siRNA,
marked, though somewhat variable, suppression of TAmut
expression was observed as assessed by western blot analysis
of protein levels (FIGS. 24B and 24C). With com-siRNA,
suppression of TAmut expression was observed similar to
what was observed with TAwt expression. In contrast, wt-
siRNA did not suppress expression of TAmut. Thus differen-
tial suppression of TAmut expression was observed by allele-
specific siRNA in precisely the manner anticipated by the
inventors.

To achieve even more robust silencing of TAmut, a third
siRNA was engineered to target TAmut (mutC-siRNA, FIG.
23). MutC-siRNA places the GAG deletion more centrally in
the siRNA duplex. Because the central portion of the anti-
sense strand of siRNA guides mRNA cleavage, it was rea-
soned that placing the GAG deletion more centrally might
enhance specific suppression of TAmut. As shown in FIG. 24,
mutC-siRNA suppressed TAmut expression more specifi-
cally and robustly than the other mut-siRNAs tested. In trans-
fected cells, mutC-siRNA suppressed TAmut to less than
0.5% of control levels, and had no effect on the expression of
TAwt.

To confirm allele-specific suppression by wt-siRNA and
mutC-siRNA, respectively, the inventors cotransfected cells
with GFP-TAwt or GFP-TAmut together with mis-siRNA,
wt-siRNA or mutC-siRNA. Levels of TA expression were
assessed 24 and 48 hours later by GFP fluorescence, and
quantified the fluorescence signal from multiple images was
quantified. The results (FIGS. 24D and 24E) confirmed the
earlier western blots results in showing potent, specific
silencing of TAwt and TAmut by wt-siRNA and mutC-
siRNA, respectively, in cultured mammalian cells.
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Allele-Specific Silencing in Simulated Heterozygous
State. In DYT1, both the mutant and wild type alleles are
expressed. Once the efficacy of siRNA silencing was estab-
lished, the inventors sought to confirm siRNA specificity for
the targeted allele in cells that mimic the heterozygous state of
DYT1. In plants and Caenorhabditis elegans, RNA-depen-
dent RNA polymerase activity primed by introduction of
exogenous RNA can result in the spread of silencing signals
along the entire length of the targeted mRNA (Fire 1998, Tang
2003). No evidence for such a mechanism has been discov-
ered in mammalian cells (Schwarz 2002, Chiu 2002). None-
theless it remained possible that silencing of the mutant allele
might activate cellular processes that would also inhibit
expression from the wild type allele. To address this possibil-
ity, Cos-7 cells were cotransfected with both GFP-TAwt and
HA-TAmut, and suppression by mis-siRNA, wt-siRNA or
mutC-siRNA was assessed. As shown in FIG. 25, potent and
specific silencing of the targeted allele (either TAmut or
TAwt) to levels less than 1% of controls was observed, with
only slight suppression in the levels of the non-targeted pro-
tein. Thus, in cells expressing mutant and wild type forms of
the protein, siRNA can suppress TAmut while sparing expres-
sion of TAwt.

Discussion

In this study the inventors succeeded in generating siRNA
that specifically and robustly suppresses mutant TA, the
defective protein responsible for the most common form of
primary generalized dystonia. The results have several impli-
cations for the treatment of DYT1 dystonia. First and fore-
most, the suppression achieved was remarkably allele-spe-
cific, even in cells simulating the heterozygous state. In other
words, efficient suppression of mutant TA occurred without
significant reduction in wild type TA. Homozygous TA
knockout mice die shortly after birth, while the heterozygous
mice are normal (Goodchild 2002), suggesting an essential
function for TA. Thus, therapy for DYT1 needs to eliminate
the dominant negative or dominant toxic properties of the
mutant protein while sustaining expression of the normal
allele in order to prevent the deleterious consequences of loss
of TA function. Selective siRNA-mediated suppression of the
mutant allele fulfills these criteria without requiring detailed
knowledge of the pathogenic mechanism.

An appealing feature of the present siRNA therapy is appli-
cable to all individuals afflicted with DYT1. Except for one
unusual case (Leung 2001, Doheny 2002, Klein 2002b), all
persons with DYT1 have the same (GAG) deletion mutation
(Ozelius 1997, Ozelius 1999). This obviates the need to
design individually tailored siRNAs. In addition, the fact that
the DYT1 mutation results in a full three base pair difference
from the wild type allele suggests that siRNA easily distin-
guishes mRNA derived from normal and mutant TOR1A
alleles.

It is important to recognize that DYT1 is not a fully pen-
etrant disease (Fahn 1998, Klein 2002a). Even when
expressed maximally, mutant TA causes significant neuro-
logical dysfunction less than 50% of the time. Thus, even
partial reduction of mutant TA levels might be sufficient to
lower its pathological brain activity below a clinically detect-
able threshold. In addition, the DYT1 mutation almost always
manifests before age 25, suggesting that TAmut expression
during a critical developmental window is required for symp-
tom onset. This raises the possibility that suppressing TAmut
expression during development might be sufficient to prevent
symptoms throughout life. Finally, unlike many other inher-
ited movement disorders DYT1 is not characterized by pro-
gressive neurodegeneration. The clinical phenotype must
result primarily from neuronal dysfunction rather than neu-
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ronal cell death (Hornykiewicz 1986, Walker 2002, Augood
2002, Augood 1999). This suggests the potential reversibility
of DYT1 by suppressing TAmut expression in overtly symp-
tomatic persons.

Example 8

RNA Interference Improves Motor and
Neuropathological Abnormalities in a Huntington’s
Disease Mouse Model

Huntington’s disease (HD) is one of nine dominant neuro-
degenerative diseases resulting from polyglutamine repeat
expansions (CAG codon, Q) in exon 1 of HD, leading to a
toxic gain of function on the protein huntingtin (htt) (The
Huntington’s Disease Collaborative Research Group (1993)
Cell 72, 971-83; Gusella et al., (2000) Nat Rev Neurosci 1,
109-15). Hallmark HD characteristics include cognitive and
behavioral disturbance, involuntary movements (chorea),
neuronal inclusions, and striatal and cortical neurodegenera-
tion (Gusella et al., (2000) Nat Rev Neurosci 1, 109-15). Htt
alleles containing greater than 35 CAG repeats generally
cause HD, with age-at-onset correlating inversely with
expansion length, a common characteristic of the poly-
glutamine repeat disorders. The disease usually develops in
mid-life, but juvenile-onset cases can occur with CAG repeat
lengths greater than 60. Death typically occurs 10-15 years
after symptom onset. Currently, no preventative treatment
exists for HD.

Therapies aimed at delaying disease progression have been
tested in HD animal models. For example, beneficial effects
have been reported in animals treated with substances that
increase transcription of neuroprotective genes (histone
deacetylase) (Ferrante et al., (2003) J Neurosci 23, 9418-27);
prevent apoptosis (caspase inhibitors)(Ona et al., (1999)
Nature 399, 263-7); enhance energy metabolism (coenzyme
Q/remacemide, creatine) (Ferrante et al., (2002) J Neurosci
22, 1592-9; Andreassen et al., (2001) Neurobiol Dis 8, 479-
91); and inhibit the formation of polyglutamine aggregates
(trehalose, Congo red, cystamine) (Tanaka et al., (2004) Nat
Med 10, 148-54; Karpuj et al., (2002) Nat Med 8, 143-9;
Sanchez et al., (2003) Nature 421, 373-9). These approaches
target downstream and possibly indirect effects of disease
allele expression. In contrast, no therapies have been
described that directly reduce mutant huntingtin gene expres-
sion, thereby targeting the fundamental, underlying patho-
logical insult.

The therapeutic promise of silencing mutant htt expression
was demonstrated in a tetracycline-regulated mouse model of
HD (Yamamoto et al., (2000) Cell 101, 57-66). When mutant
htt was inducibly expressed, pathological and behavioral fea-
tures of the disease developed, including the characteristic
neuronal inclusions and abnormal motor behavior. Upon
repression of transgene expression in affected mice, patho-
logical and behavioral features resolved. Thus, reduction of
htt expression using RNAi may allow protein clearance
mechanisms within neurons to normalize mutant htt-induced
changes. We hypothesize that directly inhibiting the expres-
sion of mutant htt will slow or prevent HD-associated symp-
tom onset in a relevant animal model.

Screening of putative therapies for HD has benefited from
the existence of several HD mouse models (Beal et al., (2004)
Nat Rev Neurosci 5, 373-84; Levine et al., (2004) Trends
Neurosci 27, 691-7). HD-like phenotypes are displayed in
knock-in mice (Linetal., (2001) Hum Mol Genet. 10, 137-44;
Menalled et al., (2003) J Comp Neurol 465, 11-26), drug-
induced models (McBride et al., (2004) J Comp Neurol 475,
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211-9) and transgenic mice expressing full-length mutant
huntingtin (e.g. YAC-transgenic mice) (Hodgson et al.,
(1999) Neuron 23, 181-92; Slow et al., (2003) Hum Mol
Genet. 12, 1555-67; Reddy et al., (1998) Nat Genet. 20,
198-202) or an N-terminal fragment of htt (Yamamoto et al.,
(2000) Cell 101, 57-66; Mangiarini et al., (1996) Cell 87(3),
493-506; Schilling et al., (1999) Hum Mol Genet. 8(3), 397-
407). Mice expressing truncated N-terminal fragments of
huntingtin have been valuable for proof-of-principle evalua-
tion of therapies because they show rapidly progressive motor
abnormalities and striatal neuropathology, phenotypes which
do not develop or develop very late in knock-in or YAC
transgenic mice. Mice expressing truncated forms of hunting-
tin thus replicate more severe forms of the disease. The
present inventors tested if RNA interference (RNA1) induced
by short hairpin RNAs (shRNAs) (Dykxhoorn et al., (2003)
Nat Rev Mol Cell Biol 4, 457-67) could reduce expression of
mutant htt and improve HD-associated abnormalities in a
transgenic mouse model of HD. It was found that RNAi
directed against mutant human huntingtin (htt) reduced htt
mRNA and protein expression in cell culture and in HD
mouse brain. It is important to note that htt gene silencing
improved behavioral and neuropathological abnormalities
associated with HD.

Materials and Methods

Plasmids and Adeno-Associated Virus (AAV) Construc-
tion. Myc-tagged HD-N171-82Q was expressed from a
pCMV-HD-N171-82Q plasmid (Schilling et al., (1999) Hum
Mol Genet. 8(3), 397-407). PCR (Pfu polymerase, Strat-
agene) was used to amplify the U6 promoter along with
shRNAs targeting human huntingtin (shHD2.1; FIG. 26A),
eGFP (shGFP) (Xia et al., (2002) Nat Biotechnol 20, 1006-
1010); or E. coli p-galactosidase (bp 1152-1172; shLacZ).
PCR products were cloned, verified by sequencing and
inserted into pAAV.CMV.hrGFP, which contains AAV-2
ITRs, a CMV-hrGFP-SV40 polyA reporter cassette, and
sequences used for homologous recombination into baculovi-
rus (Urabe et al., (2002) Hum Gene Ther 13, 1935-1943).
Recombinant AAV serotype 1 capsid vectors were generated
as described (Urabe et al., (2002) Hum Gene Ther 13, 1935-
1943). AAV titers were determined by quantitative PCR and/
or DNA slot blot and were 5x10'? vector genomes/ml.

Animals. All animal studies were approved by the Univer-
sity of lowa Animal Care and Use Committee. HD-N171-
82Q mice were purchased from Jackson Laboratories, Inc.
(Schilling et al., (1999) Hum Mol Genet. 8(3), 397-407;
Schilling et al., (2001) Neurobiol Dis 8, 405-18) and main-
tained on a B6C3F la background. Heterozygous and age-
matched wildtype littermates were used for the experiments,
as indicated.

Northern Blots. HEK293 cells were transfected (Lipo-
fectamine-2000; Invitrogen) with pCMV-HD-N171-82Q and
plasmids expressing shHD2.1, shGFP, or shLacZ at shRNA:
target ratios of 8:1. Forty-eight hours post-transfection, RNA
was harvested (Trizol Reagent; Invitrogen) and 10 [Jg were
assessed northern blot (NorthernMax; Ambion) using probes
to human htt or human GAPDH. Band intensities were quan-
tified using a phosphorimager (Storm 860 instrument and
ImageQuant v1.2 software, Molecular Dynamics).

For in vivo studies, total RNA was isolated from hrGFP-
positive striata. Thirty pg RNA was run on 15% polyacryla-
mide-urea gels, transferred to Hybond N+ membranes (Am-
ersham Pharmacia), then probed with 3?P-labeled sense
oligonucleotides at 36° C. for 3 h, washed in 2xSSC (36° C.),
and exposed to film.

Western Blots. HEK293 cells were transfected as
described with shHD2.1 or shGFP singly or in combination
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with pCMV-HD-N171-82Q). Forty-eight hours later, cells
were lysed to recover total protein. Western blots were incu-
bated with anti-myc (1:5,000; Invitrogen), anti full-length
human htt (1:5,000; MAB2166; Chemicon), or anti-human
p-actin (1:5,000; Clone AC-15; Sigma) followed by HRP-
coupled goat anti-mouse or goat anti-rabbit secondary anti-
bodies (1:20,000 and 1:100,000, respectively; Jackson
Immunochemicals). Blots were developed using ECL-Plus
reagents (Amersham Biosciences). For evaluation of trans-
duced brain, 3 week old mice were injected as described and
protein was harvested from striata 2 weeks later. Twenty-five
ng were run on SDS-PAGE gels as described, transferred to
nitrocellulose, then probed with antibodies to detect human
htt (1:500, mEM48; Gift from X.J. Li) and mouse prion
protein (1:40,000; Chemicon International). Secondary anti-
body incubations were performed as described above.
Quantitative RT-PCR

In Vitro shRNA Dose Response. HEK293 cells were trans-
fected with 0 (mock), 10, 100, or 1000 ng of shl.acZ or
shHD2.1 and RNA was harvested 24 h later. Following
DNase treatment (DNA-Free, Ambion), random-primed, first
strand cDNA was generated from 500 ng total RNA (Taq-
man™ Reverse Transcription Reagents, Applied Biosystems)
according to manufacturer’s protocol. Tagman™ Assays
were performed on an ABI Prism 7000 Sequence Detection
System using Tagman™ 2x Universal PCR Master Mix (Ap-
plied Biosystems) and Tagman™ primers/probe sets specific
for human htt and mammalian rRNA (Applied Biosystems).
Relative gene expression was determined using the relative
standard curve method.

In vivo huntingtin mRNA expression. Striata were dis-
sected from 5.5 month old mice, snap frozen in liquid nitro-
gen, and pulverized. cDNA was generated as described
above. Relative gene expression was assayed using Tag-
man™ primers/probe sets specific for human htt and mam-
malian rRNA or Assays-By-Design Taqgman™ primers/
probes specific for mouse huntingtin (mHdh; Applied
Biosystems). All values were calibrated to contralateral,
uninjected striata. For human huntingtin detection; shHD2.1
samples, n=8 striata; shl.acZ, n=7; uninjected, n=4. For
mouse Hdh detection; injected HD samples, n=4; uninjected
samples n=2.

AAV Injections

All animal procedures were pre-approved by the Univer-
sity of lowa Animal

Care and Use Committee. AAV Injections were performed
in 4 week old mice using the following parameters (coordi-
nates are reported with respect to the bregma): Striatal: 0.5
mm anterior, 2.5 mm lateral, 2.5 mm depth, 5 pl/site, 250
nl/min infusion rate. Cerebellar: 0.1 mm depth, 1 pl/site, 250
nl/min infusion rate.

Behavioral Analysis

Stride Length Measurements. Mice injected bilaterally at 4
weeks of age were analyzed at 4 months of age. Analyses
were performed as described previously (Carter et al., (1999)
J Neurosci 19, 3248) with some modifications. Specifically,
mice were allowed to walk across a paper-lined chamber
measuring 100 cm long, 10 cm wide, with 10 cm high walls
into an enclosed box. Mice were given one practice run and
were then tested three times to produce three separate foot-
print tracings, totaling 42 measurements each for front and
rear footprints per mouse. Measurements were averaged and
data presented as box plots. ANOVA with Scheffe’s post-hoc
test was performed to determine statistical significance.
Uninjected mice, n=4; injected WT, n=3; injected N171-82Q,
n=6 mice.
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Rotarod performance test. Two separate experimental
cohorts of mice were injected at 4 weeks of age and tested on
the rotarod (Model 7650, Ugo Basile Biological Research
Apparatus) at 10 and 18 weeks of age as previously described
(Xiaetal., (2004) Nat Med 10, 816-820). Data from trials 2-4
for each day are presented as means+S.E.M. Uninjected WT,
n=6; shlLacZ WT, n=5, shHD2.1 WT, n=6; uninjected N171-
82Q, n=5; shLacZ N171-82Q, n=10; shHD2.1N171-82Q,
n=11). Reported values are means+S.E.M.

Immunofluorescence

Forty um free-floating coronal sections were stained with
mEM48 antibody (1:500; 24 h, 4° C.), followed by Alexa-568
labeled goat anti-mouse secondary antibody (1:200; 4 h,
room temp; Molecular Probes). Sections were mounted onto
slides, covered in Gel/Mount (Biomeda Corp) and images
were captured using fluorescent microscopy (Leica DM RBE
or Zeiss confocal) equipped with a CCD-camera (SPOT RT,
Diagnostics Instruments). Results
shHD2.1 Reduces Human Huntingtin Expression In Vitro

In vitro screening was used to identify effective shRNAs
directed against a CMV-promoter transcribed HD-N171-82Q
mRNA, which is identical to the pathogenic truncated hun-
tingtin fragment transgene present in HD-N171-82Q mice
(Schilling et al., (1999) Hum Mol Genet. 8(3), 397-407).
Hairpin constructs targeting sequences in human exons 1-3
were evaluated by co-transfection. One htt-targeted shRNA,
shHD2.1 (FIG. 26A), reduced HD-N171-82Q mRNA and
protein levels by ~85 and ~55% respectively, relative to con-
trol shRNA treated samples (FIG. 26B, C). Interestingly,
none of the shRNAs tested that targeted exon 1 were func-
tional under these conditions and in this system. Additional
siRNAs can be screened as described herein to identify func-
tional siRNAs targeting exon 1 of the HD gene.

To test if shHD2.1 could silence endogenous full-length
human htt expression, HEK 293 cells were transfected with
plasmids expressing shHD2.1 or shGFP. ShHD2.1, but not
control shRNAs, directed gene silencing of endogenous htt
mRNA and protein (FIGS. 26D, E). This system can be
readily used to screen additional siRNAs targeting the HD
gene.

Expression of shRNA in Mouse Brain

Next, the inventors tested U6 promoter-transcribed
shHD2.1 expression in vivo and determined its effects on
HD-associated symptoms in mice. This pol III dependent
promoter has not previously been evaluated in striata for
sustained expression in vivo, although shRNAs have been
expressed in brain using either the pol II-dependent CMV
promoter in striatum (Xia et al., (2002) Nat Biotechnol 20,
1006-1010) or the H1 promoter in cerebellar degeneration
models (Xia et al., (2004) Nat Med 10, 816-820). U6 pro-
moter-driven shHD2.1, and the control hairpin shl.acZ, were
cloned into adeno-associated virus (AAV) shuttle plasmids
that contained a separate CMV-humanized Renilla green
fluorescent protein (hrGFP) reporter cassette (FIG. 27A).
High-titer AAV 1 particles (AAV.shHD2.1 and AAV.shlLacZ),
which have broad neuronal tropism, were generated (Urabe et
al., (2002) Hum Gene Ther 13, 1935-1943), and hairpin
expression was assessed after injection into mouse striatum.
The N171-82Q mouse model was used because shHD2.1
targets sequences in exon 2, precluding use of the R6/2 trans-
genic model, which expresses only exon 1 of the HD gene. As
shown in FIG. 27B, precursor and processed shRNAs (~50 nt
and 21 nt, respectively) were expressed three weeks after
transduction, indicating sustained expression and appropriate
processing of shRNAs in the striatum. Analysis of coronal
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brain sections from injected mice showed widespread trans-
duction (FIG. 27C; hrGFP fluorescence) up to 5 months post-
injection.

AAV.shHD2.1 Reduces HD-N171-82Q Expression In Vivo

The inventors next investigated the effects of RNAi on the
characteristic HD-associated neuronal inclusions and
HD-N171-82Q mRNA levels in vivo. Tissues were harvested
from end-stage HD-N171-82Q mice (~5.5 months of age)
because striatal inclusions are less robust at earlier ages in this
model. In striata from HD-N171-82Q mice injected with
AAV.shHD2.1, htt-reactive inclusions were absent in trans-
duced cells compared to untransduced regions (FIG. 28A,
lower panels; FIG. 28B). Conversely, abundant inclusions
were detected in transduced regions from AAV.shlacZ-in-
jected HD mice (FIG. 28A, upper panels). No inclusions were
observed in WT mice (data not shown). In addition, western
analysis revealed that soluble HD-N171-82Q monomer was
decreased in mouse striata transduced with AAV.shHD2.1
compared to uninjected or AAV.shlLacZ-injected controls
(FIG. 28C). The reduction in protein levels detected by
immunohistochemistry and western blot was due to
decreased transgene expression. HD-N171-82Q mRNA was
reduced 51% to 55% in AAV.shHD2.1-injected HD mice
relative to AAV.shlacZ-injected or uninjected HD mice (FIG.
28D). AAV.shHD2.1 and AAV.shlLacZ had no effect on
endogenous mouse htt expression (Avg. mHDH expression:
Uninjected HD, 1.00£0.09; Uninjected WT, 1.13+0.04;
AAV.shlLacZ injected HD, 1.10+0.08; AAV.shHD?2.1 injected
HD, 1.08+0.05).

Neuronal inclusions in HD-N171-82Q striata are variable.
Inclusions may be present in as few as 10% and up to 50% of
all striatal neurons in different end-stage HD-N171-82Q mice
(Schilling et al., (1999) Hum Mol Genet. 8(3), 397-407). In
contrast, robust and widespread EM48-positive inclusions
are present in cerebellar granule cells by ~3 months of age
[(Schilling et al., (1999) Hum Mol Genet. 8(3), 397-407) and
FIG. 28], and cerebellar HD-N171-82Q mRNA levels are ~8
fold higher relative to striatum (QPCR, data not shown). This
high-level cerebellar expression is partially attributable to the
transcriptional profile of the prion promoter driving
HD-N171-82Q) transgene expression (Schilling et al., (1999)
Hum Mol Genet. 8(3), 397-407). Cerebellar inclusions are
not typically found in brains of adult-onset HD patients.
However, cerebellar pathology has been reported in juvenile
onset HD cases, which are the most severe forms of the
disease, and interestingly, in Hdh140 knock-in mice as early
as 4 months of age (Menalled et al., (2003) J Comp Neurol
465,11-26; Nanceet al., (2001) Ment Retard Dev Disabil Res
Rev 7,153-7; Fennema- et al., (2004) Neurology 63, 989-95;
Seneca et al., (2004) Eur J Pediatr.; Byers et al., (1973)
Neurology 23, 561-9; Wheeler et al., (2002) Hum Mol Genet.
11, 633-40). The abundant inclusions in HD-N171-82Q cer-
ebellar neurons provide a second target for assessing the
effects of AAV.shHD2.1 on target protein levels. Direct cer-
ebellar injections were done into a separate cohort of mice,
and HD-N171-82Q expression examined by immunofluores-
cence. Together the data show that AAV.shHD2.1, but not
control AAV.shlLacZ, reduces mutant htt expression and pre-
vents formation of the disease-associated neuronal inclu-
sions.

Striatal Delivery of AAV.shHD2.1 Improves Established
Behavioral Phenotypes

The effects of shRNA treatment on established behavioral
deficits and animal weight were tested. RNAi directed to
striatum did not normalize the notable weight differences
between HD-N171-82Q and WT mice (shHD2.1-injected,
22.7£3.8 g; shlLacZ, 22.6+2.8 g; compared to age-matched
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wild-type mice (shHD2.1, 26.3+0.4; shlLacZ, 27.3+5.8), con-
firming that intracerebral injection confines RNAi therapy to
the site of application (Schilling et al., (1999) Hum Mol
Genet. 8(3), 397-407; Xia et al.,, (2004) Nat Med 10, 816-
820). However, significant improvements in stride length
measurements and rotarod deficits were noted.

Stride length and rotarod tests were performed on unin-
jected mice, and mice injected bilaterally into striatum with
AAVshHD2.1 or AAVshlLacZ. As shown in FIG. 29A,
HD-N171-82Q mice display significantly shorter stride
lengths than those of wild-type (WT) mice, consistent with
prior work (Menalled et al., (2003) J Comp Neurol 465,
11-26; Carter et al., (1999) J Neurosci 19, 3248; Wheeler et
al., (2002) Hum Mol Genet. 11, 633-40). Gait deficits in
AAV.shHD2.1-treated HD-N171-82Q mice were signifi-
cantly improved compared to AAV.shlLacZ-treated (improve-
ments for front and rear strides, 13 and 15%, respectively;
p<0.0001) and uninjected HD-N171-82Q mice (front and
rear strides, 14 and 18%, respectively; p<0.0001). Gait
improvements did not fully resolve, as all HD-N171-82Q
groups remained significantly different than their age-
matched WT littermates. There was no effect of AAV.shlLacZ
or AAV.shHD?2.1 expression on stride lengths of WT mice.

The accelerating rotarod test was used to confirm the ben-
eficial behavioral effects of RNAI targeted to the mutant
human HD allele (Schilling et al., (1999) Hum Mol Genet.
8(3), 397-407). Mice were left uninjected, or were injected
bilaterally into the striatum with AAV.shlLacZ or
AAV.shHD2.1 at 4 weeks of age, followed by rotarod analy-
ses at 10- and 18-weeks of age (FIG. 29B). By 10 weeks,
uninjected and AAV.shlLacZ-injected HD mice show
impaired performance relative to all other groups, and con-
tinued to demonstrate significantly reduced performance over
the course of the study (p<0.05 relative to all other groups). It
is important to note that HD mice treated with AAVshHD2.1
showed dramatic behavioral improvements relative to con-
trol-treated HD mice (p<0.0008) (FIG. 29B). AAV.shlacZ-
treated HD mice showed a 22% decline (p<0.005; ANOVA),
while AAV.shHD2.1-treated HD mice displayed a modest,
non-significant 3% drop in rotarod performance between 10
and 18 weeks of age. There was a partial normalization of
rotarod deficits in HD mice injected with AAV.shHD2.1 com-
pared to WT mice that was consistent with the gait analyses.

The inventors found no decline in stride length or rotarod
performance between WT mice left untreated, or those
injected with shRNA-expressing AAVs (FIG. 29A,B). How-
ever, at 10 weeks, there was a dramatic difference in rotarod
performance between uninjected WT and all groups of
injected WT mice, which resolved by 18 weeks of age. These
data suggest that there was some detrimental effect of direct
brain injection on rotarod performance from which the mice
recovered over time. These data suggest that RNAi expres-
sion in mammalian brain had no overt negative impact on
motor behavior (FIG. 29A,B).

Discussion

The inventors have shown that motor and neuropathologi-
cal abnormalities in a relevant HD mouse model are signifi-
cantly improved by reducing striatal expression of a patho-
genic huntingtin allele using AAV 1-delivered shRNA. The
inventors have previously shown that RNAi can improve neu-
ropathology and behavioral deficits in a mouse model of
spino-cerebellar ataxia type 1 (SCA1) (Xia et al., (2004) Nat
Med 10, 816-820), a dominant neurodegenerative disorder
that affects a population of neurons distinct from those degen-
erating in HD.

The shHD2.1 hairpin sequence reduced huntingtin expres-
sion in vitro and in vivo, and it is important to note, the present
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northern blot data suggest that the processed active guide
strand was protected by RISC in vivo. The activity of the
shRNAs could be improved using recently described rules for
optimal shRNA design (Reynolds et al., (2004) Nat Biotech-
nol 22, 326-30; Schwarz et al., (2003) Cell 115, 199-208;
Khvorova et al., (2003) Cell 115, 505; Ui-Tei et al., (2004)
Nucleic Acids Res 32, 936-48).

Prior work demonstrated an essential role for huntingtin in
embryogenesis and postnatal neurogenesis (Nasir et al.,
(1995) Cell 81, 811-23; Duyao et al., (1995) Science 269,
407-10; White et al., (1997) Nat Genet. 17, 404-10; Dragatsis
et al., (2000) Nat Genet. 26, 300-6). However the effect of
partial reduction of normal huntingtin expression in adult,
post-mitotic neurons in vivo is unknown. In the current study,
shHD2.1 reduced expression of a mutant, disease-causing
human htt transgene, but had no effect on normal mouse
huntingtin expression due to sequence differences between
mouse and human genes. In HD patients, shHD2.1 would be
expected to reduce expression of both the mutant and normal
huntingtin alleles. The present data show that HD-like symp-
toms can be improved by even a partial reduction of mutant
htt expression, suggesting that complete elimination of
mutant allele expression may not be required.

In summary, the inventors have shown that RNAi can dra-
matically improve HD-associated abnormalities, including
pathological and behavioral deficits, in a HD mouse model.

Example 9
Huntington’s Disease (HD)

Huntington’s disease (HD) is one of several dominant neu-
rodegenerative diseases that result from a similar toxic gain of
function mutation in the disease protein: expansion of a poly-
glutamine (polyQ)-encoding tract. It is well established that
for HD and other polyglutamine diseases, the length of the
expansion correlates inversely with age of disease onset. Ani-
mal models for HD have provided important clues as to how
mutant huntingtin (htt) induces pathogenesis. Currently, no
neuroprotective treatment exists for HD. RNA interference
has emerged as a leading candidate approach to reduce
expression of disease genes by targeting the encoding mRNA
for degradation.

Short hairpin RNAs (shRNAs) were generated that signifi-
cantly inhibited human htt expression in cell lines. Impor-
tantly, the shRNAs were designed to target sequences present
in HD transgenic mouse models. The present studies test the
efficacy of the shRNAs in HD mouse models by determining
if inclusions and other pathological and behavioral character-
istics that are representative of HD can be inhibited or
reversed. In a transgenic model of inducible HD, pathology
and behavior improved when mutant gene expression was
turned off. These experiments show that RNAi can prevent or
reverse disease.

Although the effect of partial reduction of wildtype htt in
adult neurons is unknown, it is advantageous to target only
mutant htt for degradation, if possible. One polymorphism in
linkage disequilibrium with HD has been identified in the
coding sequence for htt, and others are currently being inves-
tigated. Disease allele-specific RNAi are designed using
approaches that led to allele specific silencing for other neu-
rogenetic disease models. This would allow directed silenc-
ing of the mutant, disease-causing expanded allele, leaving
the normal allele intact.

Constitutive expression of shRNA can prevent the neuro-
pathological and behavioral phenotypes in a mouse model of
Spinocerebellar Ataxia type I, a related polyQ disease. How-



US 9,260,716 B2

97

ever, the constitutive expression of shRNA may not be nec-
essary, particularly for pathologies that take many years to
develop but may be cleared in a few weeks or months. For this
reason, and to reduce long-term effects that may arise if
nonspecific silencing or activation of interferon responses is
noted, controlled expression may be very important. In order
to regulate RNAI for disease application, doxycycline-re-
sponsive vectors have been developed for controlled silenc-
ing in vitro.

HD researchers benefit from a wealth of animal models
including six transgenic and four knock-in mouse models
(Bates 2003). Expression is from the endogenous human
promoter, and the CAG expansion in the R6 lines ranges from
110 to approximately 150 CAGs. The R6/2 line is the most
extensively studied line from this work. R6/2 mice show
aggressive degenerative disease, with age of symptom onset
at 8-12 weeks, and death occurring at 10 to 13 weeks. Neu-
ronal intranuclear inclusions, a hallmark of HD patient brain,
appear in the striatum and cortex of the R6/2 mouse (Meade
2002).

Adding two additional exons to the transgene and restrict-
ing expression via the prion promoter led to an HD mouse
model displaying important HD characteristics but with less
aggressive disease progression (Shilling 1999, Shilling
2001). The Borchelt model, N171-82Q), has greater than wild-
type levels of RNA, but reduced amounts of mutant protein
relative to endogenous htt. N171-82Q mice show normal
development for the first 1-2 months, followed by failure to
gain weight, progressive incoordination, hypokinesis and
tremors. There are statistically significant differences in the
rotarod test, alterations in gait, and hindlimb clasping. Mice
show neuritic pathology characteristic of human HD. Unlike
the Bates model, there is limited neuronal loss.

Detloff and colleagues created a mouse knock-in model
with an extension of the endogenous mouse CAG repeat to
approximately 150 CAGs. This model, the CHL2 line, shows
more aggressive phenotypes than prior mouse knock-in mod-
els containing few repeats (Lin 2001). Measurable neurologi-
cal deficits include clasping, gait abnormalities, nuclear
inclusions and astrogliosis.

The present studies utilize the well-characterized Borchelt
mouse model (N171-82Q, line 81), and the Detloff knock-in
model, the CHL2 line. The initial targets for htt silencing
were focused on sequences present in the N171-82Q) trans-
gene (exons 1-3). The use of this model was advantageous in
the preliminary shRNA development because the RNAi
search could focus on only the amino-terminal encoding
sequences rather than the full length 14 kb mRNA. FIG. 31
depicts the one-step cloning approach used to screen hairpins
(Harper 2004). No effective shRNAs were found in exon 1,
but several designed against exon 2, denoted shHDEx2.1
(5-AAGAAAGAACTTTCAGCTACC-3', SEQ ID NO:91),
shHDEx2.2 19 nt (5-AGAACTTTCAGCTACCAAG-3'
(SEQ ID NO:92)), or shHDEx2.2 21 nt 5-AAA-
GAACTTTCAGCTACCAAG-3' (SEQID NO:93)) and exon
3 (shHDEx3.1 19 nt 5-TGCCTCAACAAAGTTATCA-3'
(SEQ ID NO:94) or shHDEx3.1 21 nt 5'-AATGCCTCAA-
CAAAGTTATCA-3"' (SEQ ID NO:95)) sequences were
effective. In co-transfection experiments with shRNA
expressing plasmids and the N171-82Q transcript target,
shHDEx2.1 reduced N171-Q82 transcript levels by 80%, and
protein expression by 60%.

In transient transfection assays shHDex2.1 did not silence
a construct spanning exons 1-3 of mouse htt containing a 79
CAG repeat expansion, the mouse equivalent of N171-82Q).
Next shHDEx2 into NIH 3T3 cells were transfected to con-
firm that endogenous mouse htt, which is expressed in NIH
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3T3 cells, would not be reduced. Surprisingly, shHDEx2.1
and shHDEx3.1 silenced full-length mouse htt. In contrast,
shHDEx2.2 silenced only the human N171-82Q transgene.

Yamamoto and colleagues and others have demonstrated
that preformed inclusions can resolve (Yamamoto 2000). To
test if RNAi could also reduce preformed aggregates, the
inventors used a neuronal cell line, which, upon induction of
Q80-eGFP expression, showed robust inclusion formation
(Xia 2002). Cells laden with aggregates were mock-trans-
duced, or transduced with recombinant virus expressing con-
trol shRNA, or shRNAs directed against GFP. The inventors
found dramatic reduction in aggregates as assessed by fluo-
rescence. Quantification showed dose dependent effects
(FIG. 32) that were corroborated by western blot (Xia 2002).

As indicated in Example 1 above, viral vectors expressing
siRNAs can mediate gene silencing in the CNS (Xia 2002).
Also, these studies were extended to the mouse model of
spinocerebellar ataxia type 1 (SCA1). The data are important
as they demonstrate that shRNA is efficacious in the CNS of
amouse model of human neurodegenerative disease. The data
also support that shRNA expression in brain is not detrimen-
tal to neuronal survival.

shRNAs can target the Exon 58 polymorphism. As
described in Example 4 above, a polymorphism in htt exon 58
is in linkage disequilibrium with HD (Ambrose 1994). Thirty
eight percent of the HD population possesses a 3-GAG repeat
in exon 58, in contrast to the 4-GAG repeat found in 92% of
non-HD patients. The polymorphism likely has no affect on
htt, but it provides a target for directing gene silencing to the
disease allele. As indicated in Example 4 above, in experi-
ments to test if allele-specific silencing for HD was possible,
plasmids were generated that expressed shRNAs that were
specific for the exon 58 polymorphism. The exon 58 3-GAG-
targeting shRNAs were functional.

Developing Vectors for Control of RNAI In Vivo. As dem-
onstrated above, shRNA expressed from viral vectors is effec-
tive at directing gene silencing in brain. Also, viral vectors
expressing shSCA1 inhibited neurodegeneration in the SCA1
mouse model. ShARNA expression was constitutive in both
instances. However, constitutive expression may not be nec-
essary, and could exacerbate any noted nonspecific effects.
The present inventors have developed and tested several
doxycycline-regulated constructs. The construct depicted in
FIG. 33 showed strong suppression of target gene (GFP)
expression after addition of doxycycline and RNAi induction.

RNAI can Protect, and/or Reverse, the Neuropathology in
Mouse Models of Human Huntington’s Disease

Two distinct but complimentary mouse models are used,
the N171-82Q transgenic and CHL2 knock-in mice. The
former express a truncated NH2-terminal fragment of human
htt comprising exons 1-3 with an 82Q-repeat expansion. The
knock-in expresses a mutant mouse allele with a repeat size of
~150. Neither shows significant striatal or cortical cell loss.
Both therefore are suitable models for the early stages of HD.
They also possess similarities in mid- and end-stage neuro-
pathological phenotypes including inclusions, gliosis, and
motor and behavioral deficits that will permit comparison and
validation. On the other hand, the differences inherent in the
two models provide unique opportunities for addressing dis-
tinct questions regarding RNAi therapy. For example, N171-
82QQ transgenic mice have relatively early disease onset. Thus
efficacy can be assessed within a few months, in contrast to 9
months or more in the CHL? line. Because the data showed
that shHDEx2.2 targets the human transgene and not mouse
HD, evaluate disease-allele specific silencing in N171-82Q
mice is evaluated. In contrast, the CHL.2 knock-in is impor-
tant for testing how reducing expression of both the mutant
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and wildtype alleles impacts on the HD phenotype. Finally,
both models should be investigated because any therapy for
HD should be validated in two relevant disease models.

siRNA Against Human Htt Protects Against Inclusion For-
mation in N171-82Q Mice

The data show that it is possible to silence the human
N171-82Q transgene in vitro, and work in reporter mice and
SCA1 mouse models demonstrated efficacy of RNAi in vivo
in brain. shHDEx2.2 constructs, expressed from two vector
systems with well-established efficacy profiles in CNS, are
now tested for their capacity to reduce mutant transgenic
allele expression in vivo. Further, the impact of shHDEx2.2
on inclusion formation is assessed. Inclusions may not be
pathogenic themselves, but they are an important hallmark of
HD and their presence and abundance correlates with severity
of disease in many studies.

Recombinant feline immunodeficiency virus (FIV) and
adeno-associated virus (AAV) expressing shHDs are injected
into N171-82Q. The levels of shHDs expressed from FIV and
AAV are evaluated, as is the ability to reduce htt mRNA and
protein levels in brain, and subsequently affect inclusion for-
mation.

Mice. N171-82Q mice developed by Borchelt and col-
leagues are used for these experiments (Shilling 1999, Shil-
ling 2001). The colony was set up from breeders purchased
from Jackson Laboratories (N171-82Q, line 81) and are
maintained as described (Shilling 1999, Shilling 2001). F1
pups are genotyped by PCR off tail DNA, obtained when
tagging weaned litters.

IC2 and EM48 have been used previously to evaluate
N171-82Q) transgene expression levels in brain by immuno-
histochemistry (1HC) and western blot (Zhou 2003, Trottier
1995). EM48 is an antibody raised against a GST-NH2 ter-
minal fragment of htt that detects both ubiquitinated and
non-ubiquitinated htt-aggregates (I.i 2000), and the IC2 anti-
body recognizes long polyglutamine tracts (Trottier 1995).
By 4 weeks N171-82Q mice show diffuse EM48-positive
staining in striata, hippocampus, cerebellar granule cells, and
cortical layers IV and V (Shilling 1999, Shilling 2001). The
present experiments focus on the striatum and cortex because
they are the major sites of pathology in human HD. TUNEL
positivity and GFAP immunoreactivity are also significant in
striatal sections harvested from 3 month old N171-82Q mice
(Yu 2003). At 4 months, punctate nuclear and cytoplasmic
immunoreactivity is also seen (Yu 2003).

Viruses. It is difficult to directly compare the two viruses
under study at equivalent doses; FIV is enveloped and can be
concentrated and purified, at best, to titers of 5x10® infectious
units/ml (iu/ml). FIV pseudotyped with the vesicular stoma-
titus glycoprotein (VSVg) are used because of its tropism for
neurons in the striatum (Brooks 2002). In contrast, AAV is
encapsidated and can be concentrated and purified to titers
ranging from 1x10° to 1x10** iu/ml, with 1x10'° titers on
average. AAV serotype 5 is used because it is tropic for
neurons in striatum and cortex, our target brain regions. Other
serotypes of AAV, such as AAV-1 may also be used to neurons
in striatum and cortex. Also, it diffuses widely from the injec-
tion site (Alisky 2000, Davidson 2000). Ten-fold dilutions of
FIV and AAV generally results in a greater than 10-fold drop
in transduction efficiency, making comparisons at equal
titers, and dose escalation studies, unreasonable. Thus, both
viruses are tested at the highest titers routinely available to get
a fair assessment of their capacities for efficacy in N171-82Q
mice. All viruses express the humanized Renilla reniformis
green fluorescent protein (hrGFP) reporter transgene in addi-
tion to the shRNA sequence (FIG. 34). This provides the
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unique opportunity to look at individual, transduced cells,
and to compare pathological improvements in transduced vs.
untransduced cells.

Injections. Mice are placed into a David Kopf frame for
injections. Mice are injected into the striatum (5 microliters;
100 nl/min) and the cortex (3 microliters; 75 nl/min) using a
Hamilton syringe and programmable Harvard pump. The
somatosensory cortex is targeted from a burr hole at -1.5 mm
from Bregma, and 1.5 mm lateral. Depth is 0.5 mm. The
striatum is targeted through a separate burr hole at +1.1 mm
from Bregma, 1.5 mm lateral and 2 mm deep. Only the right
side of the brain is injected, allowing the left hemisphere to be
used as a control for transgene expression levels and presence
or absence of inclusions.

Briefly, groups of 4 week-old mice heterozygous for the
N171-82Q transgene and their age-matched wildtype litter-
mates are injected with FIV (FIV groups are VSVg.FIV.sh-
HDEx2.2, VSVg.FIVshlacZ, VSVg.hrGFP, saline) or AAV
(AAV  groups are AAVSshHDEx2.2, AAVS5shlacZ,
AAVShrGFP, saline) (n=18/group; staggered injections
because of the size of the experiment). Names of shHDEx2.2
and shlacZ expressing viruses have been shortened from
shlacZ . hrGFP, for example, to make it easier to read, but all
vectors express hrGFP as reporter. Nine mice/group are sac-
rificed at 12 weeks of age to assess the extent of transduction
(eGFP fluorescence; viral copy number/brain region),
shRNA expression (northern for shRNAs, and inhibition of
expression of the transgenic allele (QPCR and western blot).
The remaining groups are sacrificed at 5 months of age. This
experimental set up is repeated (to n=6/group) to confirm
results and test inter-experiment variability.

All mice in all groups are weighed bi-weekly (every other
week) after initial weekly measurements. N171-82Q mice
show normal weight gain up to approximately 6 weeks, after
which there are significant differences with their wildtype
littermates.

PCR Analyses. Brains are harvested from mice sacrificed
at 12 weeks of age, and grossly evaluated for GFP expression
to confirm transduction. The cortex and striatum from each
hemisphere is dissected separately, snap frozen in liquid N2,
pulverized with a mortar and pestle, and resuspended in Tri-
7ol (Gibco BRL). Separate aliquots are used for Q-RTPCR
for N171-82Q transgenes and DNA PCR for viral genomes. A
coefficient of correlation is determined for transgene silenc-
ing relative to viral genomes for both vector systems, for the
regions analyzed and compared to contralateral striata and
mice injected with control vectors or saline.

The RNA harvested is used to evaluate activation of inter-
feron-responsive genes. Bridges et al (Bridges 2003) and
Sledz and colleagues (Sledz 2003) found activation of 2'5'
oligo(A) polymerase (OAS) in cell culture with siRNAs and
shRNAs, the latter expressed from lentivirus vectors. Gene
expression changes are assessed using QPCR for OAS, Statl,
interferon-inducible transmembrane proteins 1 and 2 and pro-
tein kinase R(PKR). PKR activation is an initial trigger of the
signaling cascade of the interferon response.

Protein Analyses. A second set of 3 brains/group are har-
vested for protein analysis. Regions of brains are micro dis-
sected as described above, and after pulverization are resus-
pended in extraction buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 1 mM
BetaME, 1x complete protease inhibitor cocktail) for analy-
sis by western blot. HrGFP expression are evaluated and
correlated to diminished levels of soluble N171-82Q using
anti-GFP and antibodies to the NH2-terminal region of htt
(EM48) or the polyglutamine tract (IC2).
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Histology. Histology is done on the remaining animals.
Mice are perfused with 2% paraformaldehyde in PBS, brains
blocked to remove the cerebellum, post-fixed ON, and then
cryoprotected in 30% sucrose. Full coronal sections (40 pm)
of the entire cerebrum are obtained using a Microtome
(American Products Co #860 equipped with a Super Histo
Freeze freezing stage). Briefly, every section is collected, and
sections 1-6 are placed into 6 successive wells of a 24-well
plate. Every 400 microns, two sections each of 10 microns are
collected for Nissl and H&E staining. The process is repeated.

EM-48 immuno-staining reveals diffuse nuclear accumu-
lations in N171-82Q mice as early as 4 weeks of age. In 6 mo.
old mice inclusions are extensive (Shilling 2001). The
increase in cytoplasmic and nuclear EM48 immuno-reactiv-
ity, and in EM48 immuno-reactive inclusions over time allow
quantitative comparisons between transduced and untrans-
duced cells. Again, control values are obtained from mice
injected with shlacZ-expressing vectors, saline injected mice,
and wt mice. The contralateral region is used as another
control, with care taken to keep in mind the possibility of
retrograde and anterograde transport of virus from the injec-
tion site.

Quantitation of nuclear inclusions is done using Bio-
Quant™ software in conjunction with a Leitz DM RBE
upright microscope equipped with a motorized stage (Ap-
plied Scientific Instruments). Briefly, floating sections are
stained with anti-NeuN (AMCA secondary) and EM48 anti-
bodies (rhodamine secondary) followed by mounting onto
slides. The regions to be analyzed are outlined, and threshold
levels for EM48 immunoreactivity set using sections from
control injected mice. A minimum of 50 hrGFP-positive and
hrGFP negative neurons cells are evaluated per slide (5 slides/
mouse), and inclusion intensity measured (arbitrary units).
This is done for both striata and cortices. To quantitate cyto-
plasmic inclusions, the striatum is outlined and total EM48
aggregate density measured. Threshold values are again done
using control hemispheres and control injected mice.

Additional wells of sections are stained with anti-GFAP,
anti-neurofilament, and the lectin GSA to assay for viral or
viral + hairpin induced gliosis, neuritic changes, and micro-
glial activation, respectively. GFAP-stained brain sections
from N171-82Q mice show gliosis by 4 months (Yu 1998),
although earlier time points have not been reported.

Stereology. In a separate experiment on N171-82Q mice
and wt mice, unbiased stereology using BioQuant™ software
is done to assess transduction efficiency. Stereology allows
for an unbiased assessment of efficiency of transduction
(number of cells transduced/input). AAVS (AAVS hrGFP,
AAV5shHD.hrGFP) and FIV (VSVg.FIVhrGFP, VSVg.
FIVshHD.hrGFP) transduction efficiency is compared in the
striatum and somatosensory cortex in HD and wildtype mice,
with n=5 each. Mice are harvested at 12 and 20 weeks. The
cerebrum is sectioned in its entirety and stored at —20° C. until
analysis. Briefly, six weeks after gene transfer with VSVg.
FIVhrGFP (n=3) or AAVS hrGFP (n=3), every section of an
HD mouse cerebrum is mounted and an initial assessment of
the required numbers of sections and grid and dissector size
done using the coefficient of error (as determined by Marther-
on’s quadratic approximation formula) as a guide.

The 171-82Q HD mouse model has important neuropatho-
logical and behavioral characteristics relevant to HD. Onset
of'disease occurs earlier than HD knock-in or YAC transgenic
models, allowing an initial, important assessment of the pro-
tective effects of RNAi on the development of neuropathol-
ogy and dysfunctional behavior, without incurring extensive
long term housing costs. Admittedly, disease onset is slower
and less aggressive than the R6/2 mice created by Bates and
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colleagues (Mangiarini 1996), but the R6/2 line is difficult to
maintain and disease is so severe that it may be less applicable
and less predicative of efficacy in clinical trials.

N171-82Q mice (n=6/group) and age-matched littermates
(n=6/group) are be weighed twice a month from 4 wks on, and
baseline rotarod tests performed at 5 and 7 weeks of age.
Numbers of mice per group are as described in Schilling et al
(Shilling 1999) in which statistically significant differences
between N171-82Q and wildtype littermates were described.
At 7 weeks of age (after testing is complete), AAV (AAVsh-
HDEx2.2, AAVshlacZ, AAVhrGFP, saline) or FIV
(FIVshEx2.2, FIVshlacZ, FIVhrGFP, saline) is injected bilat-
erally into the striatum and cortex. Rotarod tests are repeated
at 3-week intervals starting at age 9 weeks, until sacrifice at 6
months. The clasping behavior is assessed monthly starting at
3 months.

Behavioral Testing. N171-82Q mice are given four behav-
ioral tests, all of which are standard assays for progressive
disease in HD mouse models. The tests allow comparisons of
behavioral changes resulting from RNA to those incurred in
HD mouse models given other experimental therapies. For
example, HD mice given cystamine or creatine therapy
showed delayed impairments in rotarod performance, and in
some cases delayed weight loss (Ferrante 2000, Dedeoglu
2002, Dedeogu 2003) In addition to the rotarod, which is used
to assay for motor performance and general neurological
dysfunction, the activity monitor allows assessment of the
documented progressive hypoactivity in N171-82Q mice.
The beam analysis is a second test of motor performance that
has also been used in HD mice models (Carter 1999). Clasp-
ing, a phenotype of generalized neurological dysfunction, is
straightforward and takes little time. Clasping phenotypes
were corrected in R. Hen’s transgenic mice possessing an
inducible mutant htt.

Accelerated Rotarod. N171-82Q and age-matched litter-
mates are habituated to the rotarod at week 4, and 4 trials per
day for 4 days done on week 5 and 7, and every 3 weeks hence
using previously described assays (Shilling 1999, Clark
1997) in use in the lab. Briefly, 10 min trials are run on an
Economex rotarod (Columbus Instruments) set to accelerate
from 4 to 40 rpm over the course of the assay. Latency to fall
is recorded and averages/group determined and plotted.
Based on prior work (Shilling 1999) 6 mice will give suffi-
cient power to assess significance.

Clasping Behavior. Normal mice splay their limbs when
suspended, but mice with neurological deficits can exhibit the
opposite, with fore and hind limbs crunched into the abdomen
(clasping). All mice are suspended and scored for clasping
monthly. The clasp must be maintained for at least 30 sec. to
be scored positive.

Activity Monitor. Most HD models demonstrate hypoki-
netic behavior, particularly later in the disease process. This
can be measured in several ways. One ofthe simplest methods
is to monitor home cage activity with an infrared sensor
(AB-system 4.0, Neurosci Co., LTD). Measurements are
taken over 3 days with one day prior habituation to the testing
cage (standard 12-hour light/dark cycle). Activity monitoring
is done at 12, 17, and 20 and 23 weeks of age.

Beam Walking. N171 Q-82Q and age matched littermates
are assayed for motor performance and coordination using a
series of successively more difficult beams en route to an
enclosed safety platform. The assay is as described by Carter
etal (Carter 1999). Briefly, 1 meter-length beams of 28, 17 or
11 mm diameter are placed 50 cm above the bench surface. A
support stand and the enclosed goal box flank the ends. Mice
are trained on the 11 mm beam at 6 weeks of age over 4 days,
with 3 trials per day. If mice can traverse the beam in <20 sec.
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trials are initiated. A trial is then run on each beam, largest to
smallest, with a 60 sec cutoff/beam and one minute rest
between beams. A second trial is run and the mean scores of
the two trials evaluated.

RNAI cannot replace neurons; it only has the potential to
protect non-diseased neurons, or inhibit further progression
of'disease at a point prior to cell death. N171-82Q mice do not
show noticeable cellular loss, and is therefore an excellent
model of early HD in humans. The general methodology is
the similar to that described above, except that the viruses are
injected at 4 months, when N171-82Q mice have measurable
behavioral dysfunction and inclusions. Animals are sacrificed
at end stage disease or at 8 months, whichever comes first.
Histology, RNA and protein in harvested brains are analyzed
as described above.

It is important to confirm the biological effects of virally
expressed shHDs in a second mouse model, as it is with any
therapy. The Detloft knock-in mouse (the CHL2 line, also
notated as HdhCAGQ150) is used as a second model of early
HD disease phenotypes. These mice have a CAG expansion
of approximately 150 units, causing brain pathologies similar
to HD including gliosis and neural inclusions in the cortex
and striatum. They also show progressive motor dysfunction
and other behavioral manifestations including rotarod defi-
cits, clasping, gait abnormalities and hypoactivity.

Heterozygous CHL.2 mice express the mutant and wildtype
allele at roughly equivalent levels, and shRNAs directed
against mouse HD silence both transcripts. shmHDEx2.1
causes reductions in gene expression, but not complete
silencing. Disease severity in mouse models is dependent on
mutant htt levels and CAG repeat length.

The inventors created shmHDEx2 (shRNA for murine HD)
directed against a region in mouse exon 2 that reduces expres-
sion of the full-length mouse Hdh transcript in vitro. Trans-
duction of neurons with shmHDEx2-expressing viruses, and
its impacts on neuropathological progression, behavioral
dysfunction and the appearance of EM48 immuno-reactive
inclusions in CHL2 mice is tested. shmHD- or shlacZ-ex-
pressing vectors in CHIL.2 and wildtype brain is tested. In this
experiment, virus is injected into the striatum of wt or CHL.2
mice (10/group) using the coordinates described above, at 3
months of age. Two months later mice are sacrificed and
brains removed and processed for RNA (n=5/group) and pro-
tein (n=5).

A second study tests the vectors in the Detloff model.
Briefly, 15 mice per group are injected into the striatum and
cortex at 3 months of age with AAV (AAVshmHD,
AAVshlacZ, AAVhrGFP, saline) or FIV (VSVg FIV.shmHD,
VSVg FIVshlacZ, VSVg.FIVhrGFP, saline) expressing the
transgenes indicated. To assess the impact of RNAI, activity
performed. The mice are sacrificed at 16-18 months of age
and five brains/group are processed for histology and sections
banked in 24-well tissue culture plates. The remaining brains
are processed for RNA (n=6) and protein analysis (n=5).
Northern blots or western blots are required to analyze wild-
type and mutant htt expression because the only distinguish-
ing characteristic is size.

Development of Effective Allele-Specific siRNAs

Mutant htt leads to a toxic gain of function, and inhibiting
expression of the mutant allele has a profound impact on
disease (Yamamoto 2000). Also, selectively targeting the dis-
ease allele would be desirable if non-disease allele silencing
is deleterious. At the present time, there is one documented
disease linked polymorphism in exon 58 (Lin 2001). Most
non-HD individuals have 4 GAGs in Hdh exon 58 while 38%
of HD patients have 3 GAGs. As described above, RNAi can
be accomplished against the 3-GAG repeat.
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Prior work by the inventors showed the importance of
using full-length targets for testing putative shRNAs. In some
cases, shRNAs would work against truncated, but not full-
length targets, or vice-versa. Thus, it is imperative that test-
able, full-length constructs are made to confirm allele-spe-
cific silencing. The V5 and FLAG tags provide epitopes to
evaluate silencing at the mRNA and protein levels. This is
important as putative shRNAs may behave as miRNAs, lead-
ing to inhibition of expression but not message degradation.

Designing the siRNAs. Methods are known for designing
siRNAs (Miller 2003, Gonzalez- Alegre 2003, Xia 2002, Kao
2003). Information is also know about the importance of
maintaining flexibility at the 5' end of the antisense strand for
loading of the appropriate antisense sequence into the RISC
complex (Khvorova 2003 Schwarz 2003). DNA sequences
are generated by PCR. This method allows the rapid genera-
tion of many candidate shRNAs, and it is significantly
cheaper than buying shRNAs. Also, the inserts can be cloned
readily into our vector shuttle plasmids for generation of
virus. The reverse primer is a long oligonucleotide encoding
the antisense sequence, the loop, the sense sequence, and a
portion of the human U6 promoter. The forward primer is
specific to the template in the PCR reaction. PCR products are
cloned directly into pTOPO blunt from InVitrogen, plasmids
transformed into DHS5a, and bacteria plated onto Kanr plates
(the PCR template is Ampr). Kanr clones are picked and
sequenced. Sequencing is done with an extended ‘hot start’ to
allow eftective read-through ofthe hairpin. Correct clones are
transfected into cells along with plasmids expressing the tar-
get or control sequence (HttEx58.GAG3VS5 and
HttEx58.GAG4FLAG, respectively) and silencing evaluated
by western blot. Reductions in target mRNA levels are
assayed by Q-RTPCR. The control for western loading is
neomycin phosphotransterase or hrGFP, which are expressed
in the target-containing plasmids and provide excellent inter-
nal controls for transfection efficiency. The control for Q-RT-
PCR is HPRT.

Cell lines expressing targets with the identified polymor-
phism or control wildtype sequences are created. Target gene
expression are under control of an inducible promoter. PC6-3,
Tet repressor (TetR+) cells, a PC-12 derivative with a uniform
neuronal phenotype (Xia 2002) are used. PC6-3 cells are
transfected with plasmids expressing HDEx58.GAG3V5S
(contains neo marker) and HDExS58GAG4FLG (contains
puro marker), and G418+/puromycin+ positive clones
selected and characterized for transcript levels and htt-V5 or
htt-Flag protein levels.

FIV vectors expressing the allele specific shRNAs are gen-
erated and used to test silencing in the inducible cell lines.
FIV vectors infect most epithelial and neuronal cell lines with
high efficiency and are therefore useful for this purpose. They
also efficiently infect PC6-3 cells. AAV vectors are currently
less effective in in vitro screening because of poor transduc-
tion efficiency in many cultured cell lines.

Cells are transduced with 1 to 50 infectious units/cell in
24-well dishes, 3 days after induction of mutant gene expres-
sion. Cells are harvested 72 h after infection and the effects on
HDEx58.GAG3V5 or HDEx58GAG4FLG expression moni-
tored.

Example 10
Micro RNAi-Therapy for Polyglutamine Disease
Post-transcriptional gene silencing occurs when double

stranded RNA (dsRNA) is introduced or naturally expressed
in cells. RNA interference (RNAi) has been described in
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plants (quelling), nematodes, and Drosophila. This process
serves at least two roles, one as an innate defense mechanism,
and another developmental (Waterhouse 2001 Fire 1999, Lau
2001, Lagos-Quintana 2001, Lee 2001). RNAi may regulate
developmental expression of genes via the processing of
small, temporally expressed RNAs, also called microRNAs
(Knight 2001, Grishok 2001). Harnessing a cell’s ability to
respond specifically to small dsRNAs for target mRNA deg-
radation has been a major advance, allowing rapid evaluation
of gene function (Gonczy 2000, Fire 1998, Kennerdell 1998,
Hannon 2002, Shi 2003, Sui 2002).

Most eukaryotes encode a substantial number of small
noncoding RNAs termed micro RNAs (miRNAs) (Zeng
2003, Tijsterman 2004, Lee 2004, Pham 2004). mir-30 is a
22-nucleotide human miRNA that can be naturally processed
from a longer transcript bearing the proposed miR-30 stem-
loop precursor. mir-30 can translationally inhibit an mRNA-
bearing artificial target sites. The mir-30 precursor stem can
be substituted with a heterologous stem, which can be pro-
cessed to yield novel miRNAs and can block the expression of
endogenous mRNAs.

Huntington’s disease (HD) and Spinocerebellar ataxia type
1 (SCA™) are two of a class of dominant, neurodegenerative
diseases caused by a polyglutamine (polyQ) expansion. The
mutation confers a toxic gain of function to the protein, with
polyQ length predictive of age of onset and disease severity.
There is no curative or preventative therapy for HD or SCAL1,
supporting the investigation of novel strategies. As described
above, the inventors showed that gene silencing by RNA
interference (RNA1) can be achieved in vitro and in vivo by
expressing short hairpin RNAs (shRNAs) specific for
mRNAs encoding ataxin-1 or huntingtin. Currently, strong,
constitutive pol Il promoters (U6 and H1) are used to express
shRNAs, which are subsequently processed into functional
small interfering RNAs (siRNAs). However, strong, consti-
tutive expression of shRNAs may be inappropriate for dis-
eases that take several decades to manifest. Moreover, high-
level expression may be unnecessary for sustained benefit,
and in some systems may induce a non-specific interferon
response leading to global shut-down of gene expression. The
inventors therefore generated pol II-expressed microRNAs
(miRNAs) as siRNA shuttles as an alternative strategy. Dueto
their endogenous nature, miRNA backbones may prevent the
induction of the interferon response.

Using human mir-30 as a template, miRNA shuttles were
designed that upon processing by dicer released siRNAs spe-
cific for ataxin-1. Briefly, the constructs were made by clon-
ing a promoter (such as an inducible promoter) and an
miRNA shuttle containing an embedded siRNA specific for a
target sequence (such as ataxin-1) into a viral vector. By
cloning the construct into a viral vector, the construct can be
effectively introduced in vivo using the methods described in
the Examples above. Constructs containing pol II-expressed
miRNA shuttles with embedded ataxin-1-specific siRNAs
were co-transfected into cells with GFP-tagged ataxin-1, and
gene silencing was assessed by fluorescence microscopy and
western analysis. Dramatic and dose-dependent gene silenc-
ing relative to non-specific miRNAs carrying control siRNAs
was observed. This pol II-based expression system exploits
the structure of known miRNAs and supports tissue-specific
as well as inducible siRNA expression, and thus, serves as a
unique and powerful alternative to dominant neurodegenera-
tive disease therapy by RNAi.

Briefly, the constructs were made by cloning a promoter
(such as an inducible promoter) and an miRNA shuttle con-
taining an embedded siRNA specific for a target sequence
(such as ataxin-1) into a viral vector. By cloning the construct
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into a viral vector, the construct can be effectively introduced
in vivo using the methods described in the Examples above.

Example 11
Huntington’s Disease (HD)

Subsequent to the experiments described in Example 9
above, the inventors have made additional siRNA molecules
specific for regions of the HD gene (FIG. 35). All of these
sequences have been tested, and were found to be effective in
RNA interference.

shHD1.1=SEQ ID NO:

shHD1.2=SEQ ID NO:
shHD1.3=SEQ ID NO:
shHD1.4=SEQ ID NO:
shHD1.5=SEQ ID NO:
shHD1.6=SEQ ID NO:
shHD1.7=SEQ ID NO:
shHD1.8=SEQ ID NO:
shHD1.9=SEQ ID NO:
shHD2.1=SEQ ID NO:
shHD2.2=SEQ ID NO:
shHD2.3=SEQ ID NO:
shHD2.4=SEQ ID NO:
shHD2.5=SEQ ID NO:
shHD2.6=SEQ ID NO:
shHD3.1=SEQ ID NO:
shHD3.2=SEQ ID NO:
shHD4.1=SEQ ID NO:

shHD8.1=SEQ ID NO: 123

shHD8.2=SEQ ID NO: 124

shHD12.1=SEQ ID NO: 125

shHD17.1=SEQ ID NO: 126

shHD17.2=SEQ ID NO: 127

shHD22.1=SEQ ID NO: 128

shHD28.1=SEQ ID NO: 129

shHD30.1=SEQ ID NO: 130

shHD32.1=SEQ ID NO: 131

shHD34.1=SEQ ID NO: 132

shHD34.2=SEQ ID NO: 133

shHD35.1=SEQ ID NO: 134

shHD37.1=SEQ ID NO: 135

shHD38.1=SEQ ID NO: 136

shHD38.2=SEQ ID NO: 137

shHD40.1=SEQ ID NO: 138

shHD42.1=SEQ ID NO: 139

shHD42.2=SEQ ID NO: 140

shHD358.1=SEQ ID NO: 141

shHD358.2=SEQ ID NO: 90

shHD63.1=SEQ ID NO: 142

The normal human huntingtin gene is SEQ IDNO: 143, and
the corresponding normal mouse huntingin gene is SEQ 1D
NO:144.

A particular nucleic acid sequence also encompasses vari-
ants. A variant of a molecule is a sequence that is substantially
similar to the sequence of the native molecule. For nucleotide
sequences, variants include those sequences that, because of
the degeneracy of the genetic code, encode the identical
amino acid sequence of the native protein. The sequences
listed above also encompass nucleic acids containing known
analogs of natural nucleotides that have similar binding prop-
erties as the reference nucleic acid and are metabolized in a
manner similar to naturally occurring nucleotides. The
present invention encompasses nucleic acid sequences
wherein at least 12 of the nucleotides the same as in the
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sequences provided, but wherein the remaining nucleotides
may be replaced with other nucleotides.

All publications, patents and patent applications are incor-
porated herein by reference. While in the foregoing specifi-
cation this invention has been described in relation to certain
preferred embodiments thereof, and many details have been
set forth for purposes of illustration, it will be apparent to
those skilled in the art that the invention is susceptible to
additional embodiments and that certain of the details
described herein may be varied considerably without depart-
ing from the basic principles of the invention.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 146
<210>
<211>
<212>

<213>

SEQ ID NO 1

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial Sequence
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-continued

<220>
<223>

<400>

FEATURE:
OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

SEQUENCE: 1

aaggtaccag atcttagtta ttaatagtaa tcaattacgg 40

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 2

LENGTH: 43

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Synthetic
primer

SEQUENCE: 2

gaatcgatge atgcctcegag acggttcact aaaccagcete tge 43

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 3

LENGTH: 69

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

SEQUENCE: 3

ctagaactag taataaagga tcctttattt tcattggatce cgtgtgttgg ttttttgtgt 60

gcggecgeg 69

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 69

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

SEQUENCE: 4

tcgacgegge cgcacacaaa aaaccaacac acggatccaa tgaaaataaa ggatccttta 60

ttactagtt 69

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 5

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

SEQUENCE: 5

cacaagctgg agtacaacta ¢ 21

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 6

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

SEQUENCE: 6

gtacttgtac tccagctttg tg 22



US 9,260,716 B2

113

-continued

114

<210> SEQ ID NO 7

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 7

cagcagcage agggggacct atcaggac

<210> SEQ ID NO 8

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 8

cagcagcage agcgggacct atcaggac

<210> SEQ ID NO 9

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

probe
<400> SEQUENCE: 9

tatagtgagt cgtatta

<210> SEQ ID NO 10

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 10
taatacgact cactatag
<210> SEQ ID NO 11
<211> LENGTH: 22
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 11
cggcaagetyg cgcatgaagt tc
<210> SEQ ID NO 12
<211> LENGTH: 22
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 12
atgaacttca tgctcagett go
<210> SEQ ID NO 13
<211> LENGTH: 22
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 13
atgaacttca gggtcagett gc
<210> SEQ ID NO 14

<211> LENGTH: 22
<212> TYPE: DNA

Synthetic

Synthetic

28

28

17

18

22

22

22
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<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 14
cggcaagetyg accctgaagt te
<210> SEQ ID NO 15

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 15
cagcagcggyg acctatcagg ac
<210> SEQ ID NO 16

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 16
ctgtcctgat aggteceget go
<210> SEQ ID NO 17

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 17
cagcagcagyg gggacctatce

<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 18
ctgataggte ccectgetge

<210> SEQ ID NO 19

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 19
cagcagcegg acctatcagg ac
<210> SEQ ID NO 20

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 20
ctgtcctgat aggteegget go
<210> SEQ ID NO 21

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 21
cagcagcagce gggacctatce

<210> SEQ ID NO 22
<211> LENGTH: 20

22

22

22

20

20

22

22

20
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<212> TYPE: DNA
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 22
ctgataggte ccgetgetge

<210> SEQ ID NO 23

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 23
ttgaaaaaca gcagcaaaag ¢
<210> SEQ ID NO 24

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 24
ctgcttttge tgetgttttt ¢
<210> SEQ ID NO 25

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 25
cagcagcage agcagcagca gc
<210> SEQ ID NO 26

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 26
ctgetgetge tgetgetget go
<210> SEQ ID NO 27

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 27
tcgaagtgat ggaagatcac gc
<210> SEQ ID NO 28

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 28

cagcgtgate ttecatcact te
<210> SEQ ID NO 29

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 29

cagccgggag tcgggaaggt gc

<210> SEQ ID NO 30

20

21

21

22

22

22

22

22
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<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 30
ctgcacctte ccgacteeeg go
<210> SEQ ID NO 31

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 31

acgtcctegyg cggeggeagt gtge

<210> SEQ ID NO 32

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 32
ttgcacactyg ccgecteege ggac
<210> SEQ ID NO 33

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 33
acgtctccat ggcatctcag ¢
<210> SEQ ID NO 34

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 34
ttgctgagat gccatggaga ¢
<210> SEQ ID NO 35

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 35
gtggccagat ggaagtaaaa tc
<210> SEQ ID NO 36

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 36

cagattttac ttccatctgg cc
<210> SEQ ID NO 37

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 37

gtggccacat ggaagtaaaa tc

22

24

24

21

21

22

22

22
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<210>
<211>
<212>
<213>

<400>

SEQ ID NO 38

LENGTH: 22

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 38

cagattttac ttccatgtgg cc

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 39

LENGTH: 22

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 39

gtggccagat gcaagtaaaa tc

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 40

LENGTH: 22

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 40

cagattttac ttgcatctgg cc

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 41

LENGTH: 22

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 41

gtggccaggt ggaagtaaaa tc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 42

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 42

atgaacttca tgctcagett go

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 43

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 43

cggcaagetyg agcatgaagt tc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 44

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 44

cagtggctte tggcacagca gc

22

22

22

22

Synthetic

22

Synthetic

22

Synthetic

22
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<210> SEQ ID NO 45

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 45

aagctgetgt gecagaagece ac

<210> SEQ ID NO 46

<211> LENGTH: 42

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 46

gtaagcagag tggctgagga gatgacattt ttccccaaag ag

<210> SEQ ID NO 47

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 47

cagagtggct gaggagatga ¢

<210> SEQ ID NO 48

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 48

gtgtcatcte ctcagccact ¢

<210> SEQ ID NO 49

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 49

cagagtggct gagatgac

<210> SEQ ID NO 50

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 50
atgtcatcte agccactce
<210> SEQ ID NO 51
<211> LENGTH: 20

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

22

42

21

21

18

18
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<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 51

ctgagatgac atttttccce

<210> SEQ ID NO 52

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

20

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 52

ttggggaaaa atgtcatctce

<210> SEQ ID NO 53

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

20

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 53

gagtggctga gatgacattt ttc

<210> SEQ ID NO 54

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

23

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 54
gggaaaaatg tcatctcage cac
<210> SEQ ID NO 55

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 55
gtaagcagag tggctgagat gacattttte cccaaagag
<210> SEQ ID NO 56

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 56

aagaaagaac uuucagcuac ¢
<210> SEQ ID NO 57

<211> LENGTH: 21

<212> TYPE: RNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 57

gguagcugaa aguucuuucu u

<210> SEQ ID NO 58

23

39

21

21
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<211> LENGTH: 8
<212> TYPE: RNA
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 58
gaagcuug

<210> SEQ ID NO 59
<211> LENGTH: 56
<212> TYPE: RNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 59

aagaaagaac uuucagcuac cgaagcuugg guagcugaaa guucuuucuul uuuuuu 56

<210> SEQ ID NO 60

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 60
aagaaagaac tttcagctac ¢
<210> SEQ ID NO 61

<211> LENGTH: 8

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 61

gaagcttyg

<210> SEQ ID NO 62

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 62
ggtagctgaa agttctttet t
<210> SEQ ID NO 63

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 63
agaactttca gctaccaag

<210> SEQ ID NO 64

<211> LENGTH: 10

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 64

cttectgtea

<210> SEQ ID NO 65

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 65

cttggtaget gaaagttett t

21

21

19

10

21
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<210> SEQ ID NO 66

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 66
tgcctcaaca aagttatca

<210> SEQ ID NO 67

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 67
tgataacttt gttgaggcat t
<210> SEQ ID NO 68

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 68
cagcttgtee aggtttatga a
<210> SEQ ID NO 69

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 69
ttcataaacc tggacaagct g
<210> SEQ ID NO 70

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 70
gaccgtgtga atcattgtet a
<210> SEQ ID NO 71

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 71
tagacaatga ttcacacggt ¢
<210> SEQ ID NO 72

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 72

tggcacagte tgtcagaaat t
<210> SEQ ID NO 73

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 73

aatttctgac agactgtgec a

19

21

21

21

21

21

21

21
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<210> SEQ ID NO 74

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 74
ctggaatgtt ccggagaatc a
<210> SEQ ID NO 75

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 75
tgattctceg gaacattcca g
<210> SEQ ID NO 76

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 76
ttctettetg tgattatgte t
<210> SEQ ID NO 77

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 77
agacataatc acagaagaga a
<210> SEQ ID NO 78

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 78
gtccaccece tccatcattt a
<210> SEQ ID NO 79

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 79

taaatgatgg agggggtgga ¢

<210> SEQ ID NO 80

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 80
aagaaagacc gtgtgaatca t
<210> SEQ ID NO 81

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 81

atgattcaca cggtctttet t

21

21

21

21

21

21

21

21
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<210> SEQ ID NO 82

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 82
gggcatcget atggaactgt t
<210> SEQ ID NO 83

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 83
aacagttcca tagcgatgece ¢
<210> SEQ ID NO 84

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 84
gecgetgeac cgaccaaaga a
<210> SEQ ID NO 85

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 85
ttctttggte ggtgcagegyg c
<210> SEQ ID NO 86

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 86
gaccctggaa aagctgatga a
<210> SEQ ID NO 87

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 87
ttcatcaget tttccagggt ¢
<210> SEQ ID NO 88

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 88

agctttgatg gattctaate t

<210> SEQ ID NO 89

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 89

21

21

21

21

21

21

21
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135

-continued

136

agattagaat ccatcaaagc t

<210> SEQ ID NO 90

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 90

aagaggagga ggccgacgec ¢

<210> SEQ ID NO 91

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 91

aagaaagaac tttcagctac ¢

<210> SEQ ID NO 92

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 92

agaactttca gctaccaag

<210> SEQ ID NO 93

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 93

aaagaacttt cagctaccaa g

<210> SEQ ID NO 94

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 94

tgcctcaaca aagttatca

<210> SEQ ID NO 95

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 95

aatgcctcaa caaagttatce a

21

Synthetic

21

Synthetic

21

Synthetic

19

Synthetic

21

Synthetic

19

Synthetic

21
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137

-continued

138

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 96

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 96

aagaaagaac tttcagctac ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 97

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 97

agaactttca gctaccaag

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 98

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 98

aaagaacttt cagctaccaa g

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 99

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 99

tgcctcaaca aagttatca

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 100

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 100

aatgcctcaa caaagttatce a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 101

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400>

SEQUENCE: 101

daggaagagg aggaggccga ¢

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

21

Synthetic

19

Synthetic

21

Synthetic

19

Synthetic

21

Synthetic

21
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139

-continued

140

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 102

LENGTH: 21

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 102

ggacacaagg ctgagcagca g

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 103

LENGTH: 51

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 103

cagcagcacce tcagcaggge tgcaggatta gtcaaccacce tcagcaggge t

<210>
<211>
<212>
<213>

<400>

actagt

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 104

LENGTH: 6

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 104

SEQ ID NO 105

LENGTH: 10

TYPE: DNA

ORGANISM: Homo sapiens

SEQUENCE: 105

cttectgtea

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 106

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 106

gccagtagge tccaagtett ¢

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 107

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 107

caggaagcceg tcatggcaac ¢

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 108

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

SEQUENCE: 108

aaccctggaa aagctgatga a

21

51

10

Synthetic

21

Synthetic

21

Synthetic

21
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141

-continued

142

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 109

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 109

aaaagctgat gaaggettte g

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 110

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 110

aagtcgttte agcagcaaca gc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 111

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 111

aacagcagca gcagccacceg ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 112

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 112

tcaacccect cageccgecge ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 113

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 113

agaggaaccyg ctgcaccgac ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 114

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 114

accgctgcac cgaccaaaga a

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

21

Synthetic

22

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21
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143

-continued

144

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 115

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 115

ggaactctca gccaccaaga a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 116

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 116

aagaaagacc gtgtgaatca t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 117

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 117

gaccgtgtga atcattgtet a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 118

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 118

gtctaacaat atgtgaaaac a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 119

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 119

tggcacagte tctcagaaat t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 120

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400>

SEQUENCE: 120

gggcatcget atggaactgt t

<210> SEQ ID NO 121

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21
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145

146

-continued
<211> LENGTH: 21
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 121

agtgcctcaa caaagtcatce a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 122

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 122

agctttgatg gattctaate t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 123

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 123

cagcagcagyg tcaaggacac a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 124

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 124

cagcttgtee aggtttatga a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 125

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 125

cctgecatgyg acctgaatga t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 126

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 126
catcttgaac tacatcgate at

<210> SEQ ID NO 127
<211> LENGTH: 20

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

22
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147

148

-continued
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 127

aactacatcyg atcatggaga

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 128

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 128

ccaaggacaa gctgatccag t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 129

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 129

caaactgcat gatgtcctga a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 130

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 130

ggatacctga aatcctgett t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 131

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 131

cgtgcagata agaatgctat t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 132

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400>

SEQUENCE: 132

aagtgggcca gttcagggaa t
<210> SEQ ID NO 133

<211> LENGTH: 21
<212> TYPE: DNA

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

20

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21
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149

150

-continued
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence:
DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 133

gttcagggaa tcagaggcaa t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 134

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 134

catcatggce agtggaagga a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 135

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 135

cagcagtgcece acaaggagaa t

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 136

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 136

tgaagccctt ggagtgttaa a

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 137

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 137

agcccttgga gtgttaaata ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 138

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 138

ctggaatgtt ccggagaatc a

<210> SEQ ID NO 139

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21

Synthetic

21
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151

-continued

152

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 139

gaatgtgcaa tagagaaata g 21

<210> SEQ ID NO 140

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 140

ttctettetg tgattatgte t 21

<210> SEQ ID NO 141

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 141

gatgaggaag aagaggaaga aagt 24

<210> SEQ ID NO 142

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 142

gtccacceee tceccatcattt a 21

<210> SEQ ID NO 143

<211> LENGTH: 9493

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 143

gectgecggga cgggtccaag atggacggcece getcaggtte tgettttacce tgeggcccag 60

cgecegegagt cggeccgagg cctecgggga ctgeegtgece gggegggaga ccgecatgge 120

gaccctggaa aagctgatga aggecttega gtccctcaag tecttecage agcaacagec 180
gecacegecg cegecgecge cgeegectee tcagettect cagecgeege cgcaggceaca 240
gecgetgetyg cctcagecge ageegeccee geoogecogeoe cogaocgecac caeggecegge 300
tgtggctgag gagccgetge accgaccaaa gaaagaactt tcagctacca agaaagaccg 360
tgtgaatcat tgtctgacaa tatgtgaaaa catagtggca cagtctgtca gaaattctcece 420
agaatttcag aaacttctgg gcatcgetat ggaacttttt ctgetgtgca gtgatgacge 480
agagtcagat gtcaggatgg tggctgacga atgcctcaac aaagttatca aagetttgat 540
ggattctaat cttccaaggt tacagctcga gctctataag gaaattaaaa agaatggtge 600
cecteggagt ttgegtgetg cectgtggag gtttgetgag ctggetcace tggtteggece 660

tcagaaatge aggccttace tggtgaacct tctgecgtge ctgactcgaa caagcaagag 720
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-continued
acccgaagaa tcagtccagg agaccttgge tgcagetgtt cccaaaatta tggettettt 780
tggcaatttt gcaaatgaca atgaaattaa ggttttgtta aaggccttca tagcgaacct 840
gaagtcaagc tcccccacca ttcggceggac agceggctgga tcagcagtga gcatctgeca 900
gcactcaaga aggacacaat atttctatag ttggctacta aatgtgctct taggcttact 960

cgttecctgte gaggatgaac actccactct gctgattett ggcegtgctge tcaccctgag 1020
gtatttggtyg cccttgectge agcagcaggt caaggacaca agcctgaaag gcagcttegg 1080
agtgacaagg aaagaaatgg aagtctctcc ttctgcagag cagcttgtcce aggtttatga 1140
actgacgtta catcatacac agcaccaaga ccacaatgtt gtgaccggag ccctggagct 1200
gttgcagcag ctcttcagaa cgcctccacce cgagcttctg caaaccctga ccgcagtegg 1260
gggcattggg cagctcaccg ctgctaagga ggagtctggt ggccgaagcece gtagtgggag 1320
tattgtggaa cttatagctg gagggggttc ctcatgcagce cctgtceccttt caagaaaaca 1380
aaaaggcaaa gtgctcttag gagaagaaga agccttggag gatgactctg aatcgagatc 1440
ggatgtcagc agctctgcect taacagectc agtgaaggat gagatcagtg gagagctggce 1500
tgcttettca ggggttteca cteccagggte agcaggtcat gacatcatca cagaacagcce 1560
acggtcacag cacacactgc aggcggactc agtggatctg geccagetgtg acttgacaag 1620
ctctgccact gatggggatg aggaggatat cttgagccac agctccagcece aggtcagcegce 1680
cgtcccatect gaccctgeca tggacctgaa tgatgggacce caggcctcegt cgcccatcag 1740
cgacagctcce cagaccacca ccgaagggcce tgattcaget gttacccecctt cagacagttce 1800
tgaaattgtg ttagacggta ccgacaacca gtatttgggc ctgcagattg gacagcccca 1860
ggatgaagat gaggaagcca caggtattct tcctgatgaa gectcggagg ccttcaggaa 1920
ctcttecatg geccttcaac aggcacattt attgaaaaac atgagtcact gcaggcagcce 1980
ttctgacage agtgttgata aatttgtgtt gagagatgaa gctactgaac cgggtgatca 2040
agaaaacaag ccttgccgca tcaaaggtga cattggacag tccactgatg atgactctgce 2100
acctcttgte cattgtgtec gecttttate tgcttegttt ttgctaacag ggggaaaaaa 2160
tgtgctggtt ccggacaggg atgtgagggt cagcgtgaag gccctggccce tcagetgtgt 2220
gggagcagct gtggccctcee acccggaatce tttcttcage aaactctata aagttcectcet 2280
tgacaccacg gaataccctg aggaacagta tgtctcagac atcttgaact acatcgatca 2340
tggagaccca caggttcgag gagccactgce cattctetgt gggaccctceca tetgctcecat 2400
cctcagcagg tcccgcecttee acgtgggaga ttggatgggce accattagaa ccctcacagg 2460
aaatacattt tctttggcgg attgcattce tttgctgegg aaaacactga aggatgagtce 2520
ttctgttact tgcaagttag cttgtacagce tgtgaggaac tgtgtcatga gtctctgcag 2580
cagcagctac agtgagttag gactgcagct gatcatcgat gtgctgactc tgaggaacag 2640
ttectattgg ctggtgagga cagagcttct ggaaaccctt gcagagattg acttcaggcet 2700
ggtgagcttt ttggaggcaa aagcagaaaa cttacacaga ggggctcatc attatacagg 2760
gcttttaaaa ctgcaagaac gagtgctcaa taatgttgtc atccatttgce ttggagatga 2820
agaccccagg gtgcgacatg ttgccgcage atcactaatt aggcttgtecce caaagctgtt 2880
ttataaatgt gaccaaggac aagctgatcc agtagtggcc gtggcaagag atcaaagcag 2940
tgtttacctg aaacttctca tgcatgagac gcagcctcecca tctcatttet cegtcagcac 3000
aataaccaga atatatagag gctataacct actaccaagc ataacagacg tcactatgga 3060

aaataacctt tcaagagtta ttgcagcagt ttctcatgaa ctaatcacat caaccaccag 3120
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-continued

agcactcaca tttggatgct gtgaagecttt gtgtcttett tccactgcct teccagtttg 3180
catttggagt ttaggttggc actgtggagt gcctccactg agtgcctcag atgagtctag 3240
gaagagctgt accgttggga tggccacaat gattctgacc ctgctctegt cagettggtt 3300
cccattggat ctctcageccc atcaagatgce tttgattttg geccggaaact tgcttgcagce 3360
cagtgctcce aaatctctga gaagttcatg ggectctgaa gaagaagcca acccagcagce 3420
caccaagcaa gaggaggtct ggccagecct gggggacegyg gecctggtge ccatggtgga 3480
gcagctctte tcectcacctge tgaaggtgat taacatttgt gceccacgtcce tggatgacgt 3540
ggctecctgga cccgcaataa aggcagectt gecttcectcta acaaaccccce cttetctaag 3600
tceccatccga cgaaagggga aggagaaaga accaggagaa caagcatctyg taccgttgag 3660
tceccaagaaa ggcagtgagg ccagtgcagce ttctagacaa tctgatacct caggtcectgt 3720
tacaacaagt aaatcctcat cactggggag tttctatcat cttccttcat acctcaaact 3780
gcatgatgtc ctgaaagcta cacacgctaa ctacaaggtc acgctggatc ttcagaacag 3840
cacggaaaag tttggagggt ttctccgctce ageccttggat gttctttcte agatactaga 3900
gctggccaca ctgcaggaca ttgggaagtg tgttgaagag atcctaggat acctgaaatc 3960
ctgctttagt cgagaaccaa tgatggcaac tgtttgtgtt caacaattgt tgaagactct 4020
ctttggcaca aacttggcct cccagtttga tggcttatct tccaacccca gcaagtcaca 4080
aggccgagca cagcgccttg getectecag tgtgaggceca ggcttgtacce actactgett 4140
catggecceg tacacccact tcacccagge cctegcetgac gecagcectga ggaacatggt 4200
gcaggcggag caggagaacg acacctceggg atggtttgat gtcctceccaga aagtgtctac 4260
ccagttgaag acaaacctca cgagtgtcac aaagaaccgt gcagataaga atgctattca 4320
taatcacatt cgtttgtttg aacctcttgt tataaaagct ttaaaacagt acacgactac 4380
aacatgtgtg cagttacaga agcaggtttt agatttgctg gcgcagctgg ttcagttacg 4440
ggttaattac tgtcttctgg attcagatca ggtgtttatt ggctttgtat tgaaacagtt 4500
tgaatacatt gaagtgggcc agttcaggga atcagaggca atcattccaa acatcttttt 4560
cttcttggta ttactatctt atgaacgcta tcattcaaaa cagatcattg gaattcctaa 4620
aatcattcag ctctgtgatg gcatcatggce cagtggaagg aaggctgtga cacatgccat 4680
accggctetg cagcccatag tccacgacct ctttgtatta agaggaacaa ataaagctga 4740
tgcaggaaaa gagcttgaaa cccaaaaaga ggtggtggtg tcaatgttac tgagactcat 4800
ccagtaccat caggtgttgg agatgttcat tcttgtcctg cagcagtgcce acaaggagaa 4860
tgaagacaag tggaagcgac tgtctcgaca gatagctgac atcatcctcecce caatgttagce 4920
caaacagcag atgcacattg actctcatga agcccttgga gtgttaaata cattatttga 4980
gattttggecc ccttectece tcecegteceggt agacatgctt ttacggagta tgttegtceac 5040
tccaaacaca atggcgtcecceg tgagcactgt tcaactgtgg atatcgggaa ttcectggccat 5100
tttgagggtt ctgatttccc agtcaactga agatattgtt ctttctcgta ttcaggagcet 5160
cteccttetet cecgtatttaa tetcecctgtac agtaattaat aggttaagag atggggacag 5220
tacttcaacg ctagaagaac acagtgaagg gaaacaaata aagaatttgc cagaagaaac 5280
attttcaagg tttctattac aactggttgg tattctttta gaagacattg ttacaaaaca 5340
gctgaaggtyg gaaatgagtg agcagcaaca tactttctat tgccaggaac taggcacact 5400

gctaatgtgt ctgatccaca tcttcaagtc tggaatgttc cggagaatca cagcagctge 5460
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cactaggctg ttccgcagtg atggcetgtgg cggcagtttce tacaccctgg acagcttgaa 5520
cttgcgggcet cgttceccatga tcaccaccca cceggcectg gtgctgectet ggtgtcagat 5580
actgctgett gtcaaccaca ccgactaccg ctggtgggca gaagtgcage agaccccgaa 5640
aagacacagt ctgtccagca caaagttact tagtccccag atgtctggag aagaggagga 5700
ttctgacttg gcagccaaac ttggaatgtg caatagagaa atagtacgaa gaggggctct 5760
cattctectte tgtgattatg tcectgtcagaa cctceccatgac tccgagcact taacgtggcet 5820
cattgtaaat cacattcaag atctgatcag cctttcccac gagcctccag tacaggactt 5880
catcagtgcce gttcatcgga actctgctge cagecggectg ttcatccagg caattcagtce 5940
tcgttgtgaa aacctttcaa ctccaaccat gctgaagaaa actcttcagt gettggaggg 6000
gatccatcte agccagtcgg gagetgtget cacgctgtat gtggacaggce ttctgtgcac 6060
ccetttecgt gtgctggete gcatggtcga catccttget tgtcecgecggg tagaaatgcet 6120
tctggetgca aatttacaga gcagcatggce ccagttgcca atggaagaac tcaacagaat 6180
ccaggaatac cttcagagca gcgggctcge tcagagacac caaaggctcect attccctget 6240
ggacaggttt cgtctctcca ccatgcaaga ctcacttagt ccctctectce cagtctette 6300
ccaccegetyg gacggggatg ggcacgtgte actggaaaca gtgagtccegyg acaaagactg 6360
gtacgttcat cttgtcaaat cccagtgttg gaccaggtca gattctgcac tgctggaagg 6420
tgcagagctg gtgaatcgga ttecctgctga agatatgaat gecttcatga tgaactcgga 6480
gttcaaccta agcctgctag cteccatgett aagcctaggg atgagtgaaa tttetggtgg 6540
ccagaagagt gccctttttg aagcagcccg tgaggtgact ctggcccgtg tgagcggcac 6600
cgtgcagcag ctccectgetg tecatcatgt cttecagece gagctgectg cagagccggce 6660
ggcctactgg agcaagttga atgatctgtt tggggatgcet gcactgtatc agtccctgece 6720
cactctggece cgggccctgg cacagtacct ggtggtggtce tccaaactgce ccagtcattt 6780
gcaccttect cctgagaaag agaaggacat tgtgaaattc gtggtggcaa cccttgaggce 6840
cctgtectgg catttgatce atgagcagat cccgctgagt ctggatctee aggcagggct 6900
ggactgctge tgcctggcece tgcagctgece tggcectcectgg agegtggtcet cctecacaga 6960
gtttgtgacc cacgcctgct ccctcatcta ctgtgtgcac ttcatcctgg aggccgttge 7020
agtgcagcct ggagagcagce ttcttagtcce agaaagaagg acaaataccce caaaagccat 7080
cagcgaggag gaggaggaag tagatccaaa cacacagaat cctaagtata tcactgcage 7140
ctgtgagatg gtggcagaaa tggtggagtc tctgcagtcg gtgttggcct tgggtcataa 7200
aaggaatagc ggcgtgcegg cgtttctcac gccattgcta aggaacatca tcatcagect 7260
ggccegecetyg ccececttgtca acagctacac acgtgtgccece ccactggtgt ggaagcttgg 7320
atggtcaccc aaaccgggag gggattttgg cacagcattc cctgagatcce ccgtggagtt 7380
cctccaggaa aaggaagtcect ttaaggagtt catctaccgce atcaacacac taggctggac 7440
cagtcgtact cagtttgaag aaacttgggc caccctectt ggtgtecctgg tgacgcagcece 7500
cctegtgatyg gagcaggagg agagcccacce agaagaagac acagagagga cccagatcaa 7560
cgtecctggee gtgcaggceca tcacctcact ggtgctcagt gcaatgactg tgcctgtggce 7620
cggcaaccca gctgtaaget gettggagca geageccegyg aacaagcectce tgaaagetcet 7680
cgacaccagg tttgggagga agctgagcat tatcagaggg attgtggagc aagagattca 7740
agcaatggtt tcaaagagag agaatattgc cacccatcat ttatatcagg catgggatcc 7800
tgtcecttet ctgtcectecegg ctactacagg tgccctcatce agccacgaga agctgctget 7860
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acagatcaac cccgageggg agctggggag catgagctac aaactcggec aggtgtccat 7920
acactcegtyg tggetgggga acagcatcac acccectgagg gaggaggaat gggacgagga 7980
agaggaggag gaggccgacg cccctgeace ttegtcacca cccacgtcete cagtcaacte 8040
caggaaacac cgggctggag ttgacatcca ctecctgtteg cagtttttge ttgagttgta 8100
cagcegetgg atcctgecgt ccagctcage caggaggacce cceggecatcece tgatcagtga 8160
ggtggtcaga tcccttcectag tggtctcaga cttgttcace gagcgcaacc agtttgaget 8220
gatgtatgtg acgctgacag aactgcgaag ggtgcaccct tcagaagacg agatcctege 8280
tcagtacctg gtgcctgeca cctgcaaggce agcetgccegte cttgggatgg acaaggccgt 8340
ggcggagect gtcagecgee tgctggagag cacgctcagg agcagccacce tgceccageag 8400
ggttggagcc ctgcacggcg tcectcectatgt getggagtge gacctgectgg acgacactge 8460
caagcagctc atcccggtca tcagcgacta tctectetece aacctgaaag ggatcgccca 8520
ctgcgtgaac attcacagcc agcagcacgt actggtcatg tgtgccactg cgttttacct 8580
cattgagaac tatcctctgg acgtagggcce ggaattttca gcatcaataa tacagatgtg 8640
tggggtgatg ctgtctggaa gtgaggagtc caccccctece atcatttacce actgtgccect 8700
cagaggcctg gagcgcctece tgctctectga gcagctcetece cgcecctggatg cagaatcget 8760
ggtcaagcetyg agtgtggaca gagtgaacgt gcacageccg caccgggeca tggeggetet 8820
gggcctgatg ctcacctgca tgtacacagg aaaggagaaa gtcagtccgg gtagaacttce 8880
agaccctaat cctgcageccce ccgacagcga gtcagtgatt gttgctatgg agcgggtatce 8940
tgttcttttt gataggatca ggaaaggctt tccttgtgaa gccagagtgg tggccaggat 9000
cctgeccceccag tttctagacg acttcttcecce accccaggac atcatgaaca aagtcatcgg 9060
agagtttctg tccaaccagc agccatacce ccagttcatg geccaccgtgg tgtataaggt 9120
gtttcagact ctgcacagca ccgggcagtc gtccatggtce cgggactggg tcatgctgte 9180
cctectecaac ttcacgcaga gggccceggt cgecatggece acgtggagece tcetectgett 9240
ctttgtcage gecgtceccacca geccgtgggt cgcggcgatce ctcecccacatg tcatcagcag 9300
gatgggcaag ctggagcagg tggacgtgaa ccttttctge ctggtcgecca cagacttcta 9360
cagacaccag atagaggagg agctcgaccg cagggccttce cagtctgtge ttgaggtggt 9420
tgcagcceccca ggaagcccat atcaccggct gctgacttgt ttacgaaatg tccacaaggt 9480
caccacctge tga 9493
<210> SEQ ID NO 144

<211> LENGTH: 9998

<212> TYPE: DNA

<213> ORGANISM: Mus musculus

<220> FEATURE:

<221> NAME/KEY: modified_base

<222> LOCATION: (9800)

<223> OTHER INFORMATION: a, ¢, t, g, unknown or other

<400> SEQUENCE: 144

cccattcatt gecttgetge taagtggege cgegtagtge cagtaggete caagtcttca 60
gggtctgtee catcgggcag gaagccegtca tggcaaccct ggaaaagctyg atgaaggett 120
tcgagteget caagtegttt cagcagcaac agecagcagea gecaccegecg cagecgecge 180
caccgecgee geegecteeg cctcaacccee ctecagecgee gectcagggg cagecgecge 240

cgccaccace gecegetgeca ggtecggeag aggaaccget gecaccgacca aagaaggaac 300
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tctcagccac caagaaagac cgtgtgaatc attgtctaac aatatgtgaa aacattgtgg 360
cacagtctet cagaaattct ccagaatttc agaaactctt gggcatcget atggaactgt 420
ttetgetgtyg cagtgacgat gcggagtcag atgtcagaat ggtggctgat gagtgectca 480
acaaagtcat caaagctttg atggattcta atcttccaag gctacagtta gaactctata 540
aggaaattaa aaagaatggt gctcctecgaa gtttgegtge tgccctgtgyg aggtttgetg 600
agctggcetcea cctggttega cctcagaagt gecaggcectta cctggtgaat cttettcecat 660
gectgacceyg aacaagcaaa agaccggagg aatcagttca ggagaccttg getgcagetg 720
ttcctaaaat tatggcttet tttggcaatt tcgcaaatga caatgaaatt aaggttcectgt 780
tgaaagcttt catagcaaat ctgaagtcaa gctctcccac cgtgeggegyg acagcagccg 840
gctecageegt gagcatctge caacattcta ggaggacaca gtacttctac aactggctece 900
ttaatgtcct cctaggtetg ctggttecca tggaagaaga gcactccact ctectgatce 960
tcggtgtgtt gectcacattg aggtgtctag tgceccttget ccagcagcag gtcaaggaca 1020
caagtctaaa aggcagcttt ggggtgacac ggaaagaaat ggaagtctct ccttctacag 1080
agcagcttgt ccaggtttat gaactgactt tgcatcatac tcagcaccaa gaccacaatg 1140
tggtgacagg ggcactggag ctcctgcage agctcttecg tacccecctceca cctgaactcece 1200
tgcaagcact gaccacacca ggagggcttg ggcagctcac tctggttcaa gaagaggcce 1260
ggggccgagg ccgcagceggg agcatcgtgg agcettttage tggagggggt tcectegtgea 1320
gccectgtect ctcaagaaag cagaaaggca aagtgctctt aggagaggaa gaagccttgg 1380
aagatgactc ggagtccaga tcagatgtca gcagctcagce ctttgcagcce tcectgtgaaga 1440
gtgagattgg tggagagctc gctgcttett caggtgtttce cactcctggt tcectgttggte 1500
acgacatcat cactgagcag cctagatccc agcacacact tcaagcagac tctgtggatt 1560
tgtcecggetg tgacctgacce agtgctgcta ctgatgggga tgaggaggac atcttgagcece 1620
acagctccag ccagttcagt gectgtcccat ccgaccetge catggacctg aatgatggga 1680
cccaggecte ctcacccatce agtgacagtt ctcagaccac cactgaagga cctgattcag 1740
ctgtgactcce ttcggacagt tcectgaaattg tgttagatgg tgccgatage cagtatttag 1800
gcatgcagat aggacagcca caggaggacg atgaggaggg agctgcaggt gttcetttetg 1860
gtgaagtctc agatgttttc agaaactctt ctctggccct tcaacaggca cacttgttgg 1920
aaagaatggg ccatagcagg cagccttccg acagcagtat agataagtat gtaacaagag 1980
atgaggttgc tgaagccagt gatccagaaa gcaagccttg ccgaatcaaa ggtgacatag 2040
gacagcctaa tgatgatgat tctgctcecte tggtacattg tgtccecgtett ttatctgett 2100
cctttttgtt aactggtgaa aagaaagcac tggttccaga cagagacgtg agagtcagtg 2160
tgaaggccct ggccctcage tgcattggtg cggetgtgge ccttcatcca gagtegttcet 2220
tcagcagact gtacaaagta cctcttaata ccacggaaag tactgaggaa cagtatgttt 2280
ctgacatctt gaactacatc gatcatggag acccacaggt ccgaggagct actgccattce 2340
tctgtgggac ccttgtctac tceccatcctca gtaggtececg tectcecegtgtt ggtgagtggce 2400
tgggcaacat cagaaccctg acaggaaata cattttctcect ggtggactgce attcctttac 2460
tgcagaaaac gttgaaggat gaatcttctg ttacttgcaa gttggcttgt acagctgtga 2520
ggcactgtgt cctgagtctt tgcagcagca gctacagtga cttgggatta caactgctta 2580
ttgatatgct gectcectgaag aacagctcect actggctggt gaggaccgaa ctgctggaca 2640
ctctggcaga gattgacttc aggctcgtga gttttttgga ggcaaaagca gaaagtttac 2700
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accgaggggce tcatcattat acagggtttc taaaactaca agaacgagta ctcaataatg 2760
tggtcattta tttgcttgga gatgaagacc ccagggttcg acatgttgct gcaacatcat 2820
taacaaggct tgtcccaaag ctgttttaca agtgtgacca aggacaagct gatccagttg 2880
tggctgtage gagggatcag agcagtgtct acctgaaget cctcatgcat gagacccagce 2940
caccatcaca cttttctgte agcaccatca ccagaatcta tagaggctat agcttactgce 3000
caagtataac agatgtcacc atggaaaaca atctctcaag agttgttgcc gcagtttctce 3060
atgaactcat tacgtcaaca acacgggcac tcacatttgg atgctgtgaa gccttgtgtce 3120
ttctectecage agecttteca gtttgcactt ggagtttagg atggcactgt ggagtgcccce 3180
cactgagtgc ctctgatgag tccaggaaga gctgcactgt tgggatggcce tccatgattce 3240
tcaccttget ttcatcaget tggttcecccac tggatctcetce agcccatcag gatgecttga 3300
ttttggcetgg aaacttgcta gcagcgagtg cccccaagtce tctgagaagt tcatggacct 3360
ctgaagaaga agccaactca gcagccacca gacaggagga aatctggect gcetetggggg 3420
atcggactct agtgcccttg gtggagcage ttttcectecca cectgctgaag gtgatcaata 3480
tctgtgcetca tgtcttggac gatgtgactce ctggaccagce aatcaaggca gecttgectt 3540
ctctaacaaa ccccecttet ctaagtecta ttcgacggaa agggaaggag aaagaacctg 3600
gagaacaagc ttctactcca atgagtccca agaaagttgg tgaggccagt gcagcectcetce 3660
gacaatcaga cacctcagga cctgtcacag caagtaaatc atcctcactg gggagtttct 3720
accatctcecce ctectaccte aaactgcatg atgtcctgaa agccactcac gccaactata 3780
aggtcacctt agatcttcag aacagcactg aaaagtttgg ggggttcctg cgctctgect 3840
tggacgtcct ttctcagatt ctagagctgg cgacactgca ggacattgga aagtgtgttg 3900
aagaggtcct tggatacctg aaatcctgct ttagtcgaga accaatgatg gcaactgtct 3960
gtgtgcagca gctattgaag actctctttg ggacaaactt agcctcacag tttgatgget 4020
tatcttccaa ccccagcaag tcectcagtgce gagcectcageg ccecttggcectet tcaagtgtga 4080
ggcceggett atatcactac tgcttcatgg caccatacac gcacttcaca caggccttgg 4140
ctgacgcaag cctgaggaac atggtgcagg cggagcagga gcegtgatgee tceggggtggt 4200
ttgatgtact ccagaaagtg tctgcccaat tgaagacgaa cctaacaagc gtcacaaaga 4260
accgtgcaga taagaatgct attcataatc acattaggtt atttgagcct cttgttataa 4320
aagcattgaa gcagtacacc acgacaacat ctgtacaatt gcagaagcag gttttggatt 4380
tgctggcaca gctggttcag ctacgggtca attactgtcect actggattca gaccaggtgt 4440
tcatcgggtt tgtgctgaag cagtttgagt acattgaagt gggccagttc agggaatcag 4500
aggcaattat tccaaatata tttttcttce tggtattact gtcttatgag cgctaccatt 4560
caaaacagat cattggaatt cctaaaatca tccagctgtg tgatggcatc atggccagtg 4620
gaaggaaggc cgttacacat gctatacctg ctctgcagec cattgtccat gacctctttg 4680
tgttacgagg aacaaataaa gctgatgcag ggaaagagcet tgagacacag aaggaggtgg 4740
tggtctcecat gectgttacga ctcatccagt accatcaggt gectggagatg ttcatccttg 4800
tcctgecagea gtgccacaag gagaatgagg acaagtggaa acggctctcet cggcaggtceg 4860
cagacatcat cctgcccatg ttggccaagce agcagatgca tattgactct catgaagccce 4920
ttggagtgtt aaataccttg tttgagattt tggctccttce ctcectacgt cctgtggaca 4980

tgcttttgeg gagtatgttc atcactccaa gcacaatggce atctgtaagce actgtgcagce 5040



165

US 9,260,716 B2

166

-continued
tgtggatatc tggaatcctc gceccattctga gggttctcecat ttcccagtca accgaggaca 5100
ttgttctttg tcgtattcag gagctctcect tctectccaca cttgctctece tgtccagtga 5160
ttaacaggtt aaggggtgga ggcggtaatg taacactagg agaatgcagc gaagggaaac 5220
aaaagagttt gccagaagat acattctcaa ggtttctttt acagctggtt ggtattctte 5280
tagaagacat cgttacaaaa cagctcaaag tggacatgag tgaacagcag catacgttct 5340
actgccaaga gctaggcaca ctgctcatgt gtctgatcca catattcaaa tctggaatgt 5400
tcecggagaat cacagcagcet gccactagac tcttcaccag tgatggctgt gaaggcagcet 5460
tctatactct agagagcctg aatgcacggg tccgatccat ggtgcccacg cacccagecce 5520
tggtactgct ctggtgtcag atcctacttce tcatcaacca cactgaccac cggtggtggg 5580
cagaggtgca gcagacaccc aagagacaca gtctgtcectyg cacgaagtca cttaacccce 5640
agaagtctgg cgaagaggag gattctggct cggcagctca gectgggaatg tgcaatagag 5700
aaatagtgcg aagaggggcc cttattctct tctgtgatta tgtctgtcag aatctcecatg 5760
actcagaaca cttaacatgg ctcattgtga atcacattca agatctgatc agcttgtctce 5820
atgagcctcce agtacaagac tttattagtg ccattcatcg taattctgca gctagtggtce 5880
tttttatcca ggcaattcag tcectcecgetgtg aaaatctttce aacgccaacc actctgaaga 5940
aaacacttca gtgcttggaa ggcatccatc tcagccagtc tggtgctgtg ctcacactat 6000
atgtggacag gctcctggge accccecttee gtgegcectgge tegcatggte gacaccctgg 6060
cctgtegecg ggtagaaatg cttttggctg caaatttaca gagcagcatg gceccagttgce 6120
cagaggagga actaaacaga atccaagaac acctccagaa cagtgggctt gcacaaagac 6180
accaaaggct ctattcactg ctggacagat tccgactcectce tactgtgcag gactcactta 6240
gccecttgee cccagtcact tcccacccac tggatgggga tgggcacaca tctcectggaaa 6300
cagtgagtcc agacaaagac tggtacctcce agettgtcag atcccagtgt tggaccagat 6360
cagattctgce actgctggaa ggtgcagagc tggtcaaccg tatccctget gaagatatga 6420
atgacttcat gatgagctcg gagttcaacc taagcctttt ggctcecctgt ttaagecttg 6480
gcatgagcga gattgctaat ggccaaaaga gtcccecctctt tgaagcagcece cgtggggtga 6540
ttctgaaccg ggtgaccagt gttgttcage agcttcecctge tgtccatcaa gtcettcecagce 6600
ccttectgee tatagagccce acggectact ggaacaagtt gaatgatctg cttggtgata 6660
ccacatcata ccagtctctg accatacttg ccegtgcect ggcacagtac ctggtggtgce 6720
tctccaaagt gectgctcecat ttgcacctte ctectgagaa ggagggggac acggtgaagt 6780
ttgtggtaat gacagttgag gccctgtcat ggcatttgat ccatgagcag atcccactga 6840
gtctggacct ccaagccggg ctagactget gectgectgge actacaggtg cctggectcet 6900
ggggggtgct gtectcecccca gagtacgtga ctcatgectg ctecctecate cattgtgtge 6960
gattcatcct ggaagccatt gcagtacaac ctggagacca gcttcteggt cctgaaagca 7020
ggtcacatac tccaagagct gtcagaaagg aggaagtaga ctcagatata caaaacctca 7080
gtcatgtcac ttcggcctge gagatggtgg cagacatggt ggaatccctg cagtcagtge 7140
tggccttggg ccacaagagg aacagcaccce tgccttcatt tcectcacaget gtgctgaaga 7200
acattgttat cagtctggcc cgactcccce tagttaacag ctatactcgt gtgectecte 7260
tggtatggaa actcgggtgg tcacccaagce ctggagggga ttttggcaca gtgtttectg 7320
agatcccectgt agagttccte caggagaagg agatcctcaa ggagttcatc taccgcatca 7380
acaccctagg gtggaccaat cgtacccagt tcgaagaaac ttgggccacc cteccttggtg 7440
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tcetggtgac tcageccectyg gtgatggaac aggaagagag cccaccagag gaagacacag 7500
aaagaaccca gatccatgte ctggctgtge aggccatcac ctctctagtg ctcagtgcaa 7560
tgaccgtgece tgtggctgge aatccagcectg taagctgcett ggagcaacag ccccggaaca 7620
agccactgaa ggctctcgat accagatttg gaagaaagct gagcatgatc agagggattg 7680
tagaacaaga aatccaagag atggtttccce agagagagaa tactgccact caccattctce 7740
accaggcgtg ggatcctgte ccttetetgt taccagctac tacaggtgcet cttatcagece 7800
atgacaagct gctgetgcag atcaacccag agegggagece aggcaacatyg agctacaage 7860
tgggccaggt gtccatacac tccgtgtgge tgggaaataa catcacaccce ctgagagagg 7920
aggaatggga tgaggaagaa gaggaagaaa gtgatgtccce tgcaccaacyg tcaccacctg 7980
tgtcteccagt caattccaga aaacaccgtg ccggggttga tattcactcece tgttcecgcagt 8040
ttectgcttga attgtacage cgatggatce tgccatccag tgcagccaga aggacccccg 8100
tcatcctgat cagtgaagtg gttcgatcte ttettgtagt gtcagactta ttcaccgaac 8160
gtacccagtt tgaaatgatg tatctgacgc tgacagaact acggagagtg cacccttcag 8220
aagatgagat cctcattcag tacctggtgc ctgccacctg taaggcagct getgtecttg 8280
gaatggacaa aactgtggca gagccagtca gccgectact ggagagcaca ctgaggagca 8340
gccacctgece cagccagate ggagccctge acggcatccet ctatgtgttg gagtgtgacce 8400
tcttggatga cactgcaaag cagctcattce cagttgttag tgactatctg ctgtccaacc 8460
tcaaaggaat agcccactgc gtgaacattc acagccagca gcatgtgctg gtaatgtgtg 8520
ccactgcttt ctacctgatg gaaaactacc ctctggatgt gggaccagaa ttttcagcat 8580
ctgtgataca gatgtgtgga gtaatgctgt ctggaagtga ggagtccacc ccctccatca 8640
tttaccactg tgccctcecegg ggtctggage ggcetcectget gtctgagcag ctatcteggce 8700
tagacacaga gtccttggtc aagctaagtg tggacagagt gaatgtacaa agcccacaca 8760
gggccatgge agccctagge ctgatgctca cctgcatgta cacaggaaag gaaaaagcca 8820
gtccaggcag agcttctgac cccagccectg ctacacctga cagcgagtct gtgattgtag 8880
ctatggagcg agtgtctgtt ctectttgata ggatccgcaa gggatttcce tgtgaagceca 8940
gggttgtgge aaggatcctg cctcagttcce tagatgactt ctttccacct caagatgtca 9000
tgaacaaagt cattggagag ttcctgtcca atcagcagcc atacccacag ttcatggceca 9060
ctgtagttta caaggttttt cagactctgc acagtgctgg gcagtcatcce atggtccggg 9120
actgggtcat gectgtccetg tceccaacttca cacaaagaac tccagttgcce atggccatgt 9180
ggagcctete ctgettectt gttagecgecat ctaccagcec atgggtttcet gcgatcctte 9240
cacatgtcat cagcaggatg ggcaaactgg aacaggtgga tgtgaacctt ttctgcctgg 9300
ttgccacaga cttctacaga caccagatag aggaggaatt cgaccgcagg gctttccagt 9360
ctgtgtttga ggtggtggct gcaccaggaa gtccatacca caggctgctt gettgtttgce 9420
aaaatgttca caaggtcacc acctgctgag tagtgcctgt gggacaaaag gctgaaagaa 9480
ggcagctgcet ggggcectgag cctecaggag cctgctccaa gettetgetg gggetgectt 9540
ggcecgtgcag gcttcacttg tgtcaagtgg acagccaggce aatggcagga gtgctttgcea 9600
atgagggcta tgcagggaac atgcactatg ttggggttga gecctgagtcce tgggtcectgg 9660
cctegetgeca getggtgaca gtgctaggtt gaccaggtgt ttgtcttttt cctagtgtte 9720
ccetggecat agtcgccagg ttgcagetge cctggtatgt ggatcagaag tectagectcece 9780
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tgccagatgg ttetgageen gectgetceca

ccagtaggca tacctgecac accagtgtet

aactggggct gccaggtgte cagcaccatt

aaatttaatt atatcagtaa agagattaat tttaatgt

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 145

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA

<400> SEQUENCE: 145

aagaaggaac tctcagccac ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 146

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

DNA oligonucleotide transcribing siRNA
<400> SEQUENCE: 146

aagaagagga agaaagtgat gtcc

ctgggetgga gagctcecte ccacatttac

ggacacaaat gaatggtgtg tggggctggyg

ttcctttetyg tgttttette tcaggagtta

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

9840

9900

9960

9998

Synthetic

21

Synthetic

24

What is claimed is:

1. An isolated RNA duplex comprising a first strand of
RNA and a second strand of RNA, wherein the first strand
comprises at least 15 contiguous nucleotides encoded by SEQ
ID NO: 65, and wherein the second strand is complementary
to at least 12 contiguous nucleotides of the first strand.

2. The RNA duplex of claim 1, wherein the duplex is
between 19 and 25 base pairs in length.

3. The RNA duplex of claim 1, wherein the first and/or
second strand further comprises a 3' overhang region, a 5'
overhang region, or both 3' and 5' overhang regions.

4. The RNA duplex of claim 3, wherein the overhang
region is from 1 to 10 nucleotides in length.

5. The RNA duplex of claim 1, wherein the first strand and
the second strand are operably linked by means of an RNA
loop strand to form a hairpin structure comprising a duplex
structure and a loop structure.

6. The RNA duplex of claim 5, wherein the loop structure
contains from 4 to 10nucleotides.

7. The RNA duplex of claim 5, wherein the loop structure
corresponds to SEQ ID NO:61 or SEQ ID NO:64.

8. An expression cassette comprising a nucleic acid encod-
ing the first strand of RNA and/or the second strand of RNA
of claim 1.

9. The expression cassette of claim 8, further comprising a
promoter.

10. The expression cassette of claim 8, wherein the expres-
sion cassette further comprises a polyadenylation signal.

11. A vector comprising the expression cassette of claim 8.

12. A vector comprising two expression cassettes, a first
expression cassette comprising a nucleic acid encoding the
first strand of the RNA duplex of claim 1 and a second
expression cassette comprising a nucleic acid encoding the
second strand of the RNA duplex of claim 1.

13. A cell comprising the vector of claim 11.

35

40

45

50

55

60

65

14. The cell of claim 13, wherein the vector is an adenovi-
ral, lentiviral, adeno-associated viral (AAV), poliovirus,
HSV, or murine Maloney-based viral vector.

15. A viral vector comprising a promoter and an miRNA
shuttle containing an embedded siRNA that specifically tar-
gets a target sequence associated with a condition amenable
to siRNA therapy, wherein the siRNA is the duplex of claim
1.

16. The vector of claim 15, wherein the vector is an aden-
oviral, lentiviral, adeno-associated viral (AAV), poliovirus,
HSV, or murine Maloney-based viral vector.

17. The vector of claim 15, wherein the condition amenable
to siRNA therapy is a neurodegenerative disease.

18. The vector of claim 17, wherein the condition amenable
to siRNA therapy is Huntington’s disease.

19. The vector of claim 15, wherein the target sequence is
a sequence encoding huntingtin.

20. An AAV-1 expressed siRNA comprising an isolated
first strand of RNA of 15 to 30 nucleotides in length encoded
by SEQ ID NO: 65 and an isolated second strand of RNA of
15 to 30 nucleotides in length, wherein the first or second
strand comprises a sequence that is complementary to a
nucleotide sequence encoding a mutant Huntington’s Dis-
ease protein, wherein at least 12 nucleotides of the first and
second strands are complementary to each other and form a
small interfering RNA (siRNA) duplex under physiological
conditions, and wherein the siRNA silences the expression of
the nucleotide sequence encoding the mutant Huntington’s
Disease protein in the cell.

21. The siRNA of claim 20, wherein the first and/or second
strand further comprises a 3' overhang region, a 5' overhang
region, or both 3' and 5' overhang regions.

22. The siRNA of claim 20, wherein the first strand and the
second strand are operably linked by means of an RNA loop
strand to form a hairpin structure comprising a duplex struc-
ture and a loop structure.
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23. The siRNA of claim 22, wherein the loop structure
contains from 4 to 10 nucleotides.

24. The siRNA of claim 22, wherein the loop structure
corresponds to SEQ ID NO:61 or SEQ ID NO:64.

#* #* #* #* #*



